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Growing multi-drug resistance (MDR) among ESKAPE pathogens is a huge challenge. Increased resistance

to last-resort antibiotics, like colistin, has further aggravated this. Efflux is identified as a major route of

colistin resistance. So, finding an FDA-approved efflux inhibitor for potential application as an adjuvant to

colistin was the primary objective of this study. E. coli-AcrB pump inhibitors and substrates were used to

develop and validate the pharmacophoric model. Drugs confirming this pharmacophore were subjected to

molecular docking to identify hits for the AcrB binding pocket. The efflux inhibition potential of the top hit

was validated through the in vitro evaluation of the minimum inhibitory concentration (MIC) in combination

with colistin. The checkerboard assay was done to demonstrate synergism, which was further corroborated

by the Time-kill assay. Ten common pharmacophore hypotheses were successfully generated using

substrate/inhibitors. Following enrichment analysis, AHHNR.100 was identified as the top-ranked

hypothesis, and 207 unique compounds were found to conform to this hypothesis. The multi-step docking

of these compounds against the AcrB protein revealed argatroban as the top non-antibiotic hit. This

significantly inhibited the efflux activity of colistin-resistant clinical isolates K. pneumoniae (n = 1) and M.

morganii (n = 2). Further, their combination with colistin enhanced the susceptibility of these isolates, and

the effect was found to be synergistic. Accordingly, the time-kill assay of this combination showed 8-log

and 2-log reductions against K. pneumoniae and M. morganii, respectively. In conclusion, this study found

argatroban as a bacterial efflux inhibitor that can be potentially used to overcome efflux-mediated

resistance.

1. Introduction

WHO has announced antimicrobial resistance (AMR) as one
of the top 10 global public health threats faced by humanity.
Colistin has been considered the last-resort antibiotic,
especially for life-threatening infections caused by
carbapenem-resistant Enterobacteriaceae. However, resistance

to colistin has been increasingly reported in recent years.1,2

Due to the lack of any immediate alternative, it is prudent to
explore approaches to increase the sensitivity of pathogens to
colistin. A greater understanding of the basis of AMR is
necessary to develop approaches to increase the sensitivity of
pathogens to colistin. Several mechanisms have been
proposed for this. Chromosomal alterations of various two-
component systems (TCSs), such as PmrAB, PhoPQ, CrrAB,
and the modulator of PmrAB and PhoPQ TCS, known as
MgrB, have been reported to induce resistance to colistin.
Additionally, mutations in genes involved in the synthesis of
lipopolysaccharides (LPS) and plasmid-mediated MCR
genes,3,4 as well as capsule formation, have been reported to
mediate resistance to colistin.5 Extrusion through efflux
pump is a common defense mechanism of host cells.
Pathogens also use this mechanism to resist colistin.4,6 This
mechanism is particularly relevant in Gram-negative bacteria,
which utilize AcrAB-TolC efflux pumps to expel antimicrobial
compounds from cells.7 The AcrB protein is a clinically
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significant efflux pump that extrudes various structurally
diverse antibiotics. Although other efflux pumps also exist in
bacteria, the AcrAB-TolC system is prevalent in more than
80% of clinical isolates of Enterobacteriaceae, making it one of
the most prevalent efflux pump systems in these organisms.8

Moreover, due to the highly conserved nature of AcrB and
extensive studies on the AcrAB-TolC pump system, it is a
promising target for developing efflux pump inhibitors (EPIs).
Thus, developing EPIs could be a promising approach to
increase the sensitivity of pathogens to colistin.9

Klebsiella pneumoniae and Morganella morganii are two
pathogenic bacteria with significant clinical importance and
are listed in the WHO priority pathogen list. K. pneumoniae is
a Gram-negative, non-motile, encapsulated bacterium.
Although it is commonly found in the human gastrointestinal
tract microbiota, it can cause severe infections, such as
pneumonia, urinary tract infections, and sepsis.10 Similarly,
M. morganii is a Gram-negative bacterium and a natural
inhabitant of the human intestinal tract, which can also
cause various infections, including urinary tract infections,
septicemia, and wound infections.11 The epidemiology of
these bacteria is complex, as they are found in various
environments, including hospitals, long-term care facilities,
and the community. Infection risk factors include age,
underlying medical conditions, and exposure to specific
medical procedures or devices, such as catheters or
ventilators.12 Moreover, certain strains of K. pneumoniae and
M. morganii are associated with outbreaks and hospital-
acquired infections, highlighting the need for effective
infection treatment measures.11,13 The emergence of colistin-
resistant strains of K. pneumoniae and M. morganii has
become a significant public health concern worldwide,12,14

and there is an unmet need to increase their sensitivity to
colistin.

Considering the possible involvement of the AcrB efflux
transporter in the resistance of K. pneumoniae and M.
morganii to colistin,15 this study was undertaken to identify
an FDA-approved efflux inhibitor through a ligand-based
pharmacophore approach. This was further validated in vitro.

2. Materials and methods
2.1 Materials

Cation-adjusted Mueller–Hinton broth (CaMHB), Luria-
Bertani agar (LBA), Luria-Bertani broth (LB), tryptic soy agar
(TSA), EtBr (ethidium bromide), TTC (triphenyl tetrazolium
chloride), NaCl (sodium chloride), and dimethyl sulfoxide
(DMSO) were procured from HiMedia (India). Carbonyl
cyanide m-chlorophenylhydrazine (CCCP), colistin sulfate,
and argatroban were procured from Sigma-Aldrich Chemical
Co. (India).

2.2 Selection of structurally diverse substrates of efflux
pumps

The FDA-approved compounds were prepared by a ligand-
based pharmacophoric approach to identify an inhibitor of

the AcrB efflux pump that could be used as an adjuvant to
enhance susceptibility to colistin. It is recognized that there
needs to be more experimentally validated EPIs for AcrB-K.
pneumoniae or AcrB-M. morganii, While conversely, greater
numbers of EPIs have been experimentally validated against
AcrB-E. coli.7,16–18 As there is a high sequence similarity of
AcrB-E. coli with AcrB-K. pneumoniae (91%) and AcrB-M.
morganii (80.42%), and E. coli is a model pathogen,19 AcrB-E.
coli (PDB ID: 4DX5) was used in the study. The predominant
efflux pump of E. coli and K. pneumoniae is the tripartite
efflux system AcrA-AcrB-TolC of the RND family.20 The inner
membrane component AcrB is the major site for substrate
recognition and energy transduction of the entire tripartite
system.16 Data on E. coli-AcrB pump inhibitors and substrates
were collected from a literature survey, including their
minimum inhibitory concentration (MIC) data. The MIC of
the inhibitors were converted into pMICs using the following
formula.

pMIC = −log (MIC)

The 2D molecular structures of these substrates/inhibitors
were retrieved from the PubChem database, and the
geometry in 3D space was optimized using the LigPrep
module of Schrödinger's Maestro suite.21

2.3 FDA-approved drugs dataset

The FDA-approved drugs from different databases, like the
Zinc,22 Superdrug,23 Sweetlead,24 and ChemSpider25

databases, were merged to remove redundancies. The 3D
structures generated using the Maestro version 10.2
(Schrödinger)26 were optimized using the LigPrep module
(v3.4, Schrödinger 2015-2).21 Partial atomic charges were
ascribed, and possible ionization states were generated at a
pH of 7.0 using the OPLS_2005 force field for optimization
and production of low-energy conformers of the ligands.27

Energy minimization was performed for every ligand till it
reached a root mean square deviation (RMSD) cutoff of 0.01
Å. Following LigPrep, the compounds were converted into a
phase dataset format for input for pharmacophore-based
virtual screening.28,29

2.4 Ligand-based pharmacophore modeling

2.4.1 Active ligand dataset preparation. The Phase (v4.3,
Schrödinger 2015-2) module was used for the generation of
the pharmacophore and 3D quantitative structure–activity
relationship (QSAR) models of the efflux protein inhibitors
(EPIs).29 Active compounds were cleaned, and different
conformations of compounds were generated. Activity
thresholds were calculated according to the pMIC value. A
value of >0.1 pMIC was considered active, and values less
than this were considered moderately active.

2.4.2 Creating sites and finding a common
pharmacophore hypothesis. The sites were assigned
containing a hydrogen bond acceptor (A), hydrogen bond
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donor (D), hydrophobic group (H), negatively ionizable (N),
positively ionizable (P), and aromatic ring (R).29 The program
aligned the molecules based on the assigned sites, and
different hypotheses were generated according to the
maximum and minimum match sites.29

2.4.3 Hypothesis scoring, QSAR modeling, and validation.
Five sites were found to be typical for all the selected
compounds in the generated hypotheses. Using partial least
square (PLS) regression statistics and keeping the grid
spacing of 1 Å, 3D QSAR models were generated. Six PLS
factors were included in model development, as a steady
increase in the statistical significance and predictivity was
observed to up to six PLS factors.

QSAR modeling was done by developing activity/property
predictors, which were as follows: correlation coefficient (R2),
stability, Q2, RMSE, standard deviation, Pearson, and P-value.
A total of 10 common pharmacophore hypotheses were
successfully generated and scored against the observed and
predicted activity of the 32 training molecules. All the
hypotheses were ranked according to their survival score,
starting from the highest to the lowest. The decoy data set of
32 active compounds was generated through the DUD.E
database30 consisting of 50 decoys for each compound to
validate these hypotheses. Finally, the hypotheses were
validated against active molecules and decoy data sets.

2.4.4 3D-QSAR model-based virtual screening. Hypothesis
AHHNR.100 was selected based on the survival score for the
pharmacophore-based virtual screening (VS).31 The hits were
evaluated based on the enrichment factor, yield of actives,
specificity, sensitivity, and the area under the curve (ROC-
AUC). Approved drugs that matched the pharmacophoric
features of the 3D-QSAR model were used for the multi-step
VS against the AcrB protein.

2.5 Molecular docking and high-throughput virtual screening

For evaluation of the ligand interaction into the AcrB binding
pocket, molecular docking was carried out using the
Schrödinger suite.32 The critical residues of the deep binding
and proximal pockets were identified in the target (PDB ID:
4DX5). The grid was generated within a 15 Å radius using
them as central residues. The hit compounds from VS were
screened against the AcrB protein. The docking score was
used to rank the ligands. The top 20% hits in this screening
were further refined through standard precision (SP) docking.
This was again enriched by subjecting the top 50% of hits to
extra precision (XP) docking.33

2.6 Sample collection and species identification

Twenty-three non-duplicate clinical isolates from various
sources, including urine, vaginal, urethral, sputum, wound,
blood, and pus, were aseptically obtained from the
Microbiology Department of AMRI hospital, IMS-SUM
Hospital and AIIMS, Bhubaneswar, India, over 3 months.
Species identification and antibiogram analysis of the
isolates were performed using the automated VITEK2

system.34 The antibiogram results were interpreted based on
the guidelines of Clinical and Laboratory Standards Institute
(CLSI),35 and isolates with an MDR resistance profile against
multiple classes of antibiotics, including polycationic peptide
antimicrobial (colistin), were selected for further studies.

Further, to confirm the species of the collected isolates,
the 16S rRNA genes were amplified, sequenced, and
aligned against the reference 16S rRNA database using
BLAST. Rapid one-step extraction (ROSE) was used to
extract genomic DNA from the selected isolates.36 The
OD260/280 ratio with values of 1.8–2.0 was used to test the
purity and concentration of the extracted DNA. The 16S
rRNA genes were amplified using universal primers (27F
5′-AGAGTTTGATCCTGGCTCAG-3′; 1492R 5′-GGTTACCTTGT
TACGACTT-3′) and subjected to Sanger-di-deoxy
sequencing. The sequences were aligned against
NCBI's reference RNA database using BLAST (v2.2.27+;
options: E value 0.01, Per. identity 97%). The best
alignments, i.e., the ones with the highest score, were
chosen, and the corresponding ones were considered
species, wherever the alignment identity was ≥95%.

2.7 Minimum inhibitory concentration (MIC) determination

The MICs for colistin, CCCP (carbonyl cyanide
m-chlorophenyl hydrazone), and the top hit (argatroban)
against the selected isolates were determined by the broth
microdilution (BMD) method as per the CLSI
guidelines.37 The concentration ranges for colistin,
CCCP, and the test drug (argatroban) were 1024–2
μg mL−1, 80–1 μg mL−1 and 1024–2 μg mL−1,
respectively. A volume of 50 μL of cation-adjusted
Muller–Hinton broth (CAMHB) was poured into each
well. The wells were inoculated with 100 μL of the
bacterial suspension at 5 × 105 CFU mL−1. The
positive and negative controls contained 100 μL of culture
with the medium and the medium only, respectively. The
microdilution plates were then incubated at 37 °C for 16–
18 h and then visually examined using 2,3,5-triphenyl
tetrazolium chloride (TTC) solution and interpreted as per
the CLSI breakpoint criterion. The minimum enhancing
concentration (MEC) to reduce the MIC of colistin by
4-fold was used to evaluate the synergistic effect of the
test drug (argatroban) and colistin combination against
colistin-resistant MDR isolates.

Moreover, we also explored the effect of CCCP on the
MIC of colistin. In that case, ¼ MIC of CCCP was added
to the bacterial suspension containing colistin
concentrations ranging from 1024 to 0.125 μg mL−1. The
bacterial suspension with colistin and without CCCP was
taken as the control. Bacterial growth was visualized by
adding TTC solution and interpreted as per the CLSI
breakpoint criterion.37,38 After adding CCCP, the resulting
MIC fold changes were calculated as the ratio of the
CCCP-free antibiotic's MIC level to that of the CCCP-
added antibiotic.
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2.8 Assessment of the efflux activity

To assess the phenotypically active efflux activity of the
selected colistin-resistant MDR isolates, the ethidium
bromide (EtBr)–agar cartwheel method was implemented.
For the comparative assessment of the active efflux activity,
the K. pneumoniae (ATCC 13882; https://www.atcc.org/
products/13882) strain and previously reported efflux-
mediated colistin-resistant XDR K. pneumoniae SDL79 strain
developed by our team39 were taken as the negative and
positive control, respectively. An EtBr stock solution was
prepared in distilled water, and stored at 4 °C while
protected from light. Colistin MDR bacterial isolates were
grown in Luria–Bertani broth. The turbidity of the cultures
was adjusted to 0.5 McFarland standards so that the optical
density was comparable to the density of a bacterial
suspension having 1.5 × 108 colony-forming units (CFU
mL−1). Tryptic soya agar (TSA) nutrient media containing
plates with EtBr of concentrations of 2.5 mg L−1 were
prepared and protected from light. The plates were then
divided into as many as 6 sectors by radial lines (cartwheel
pattern). For each isolate, including the positive control,
three Eppendorf tubes of cultures were prepared to have
‘no drug’ (control), CCCP, and argatroban. As per the MIC
of CCCP and argatroban against each isolate except the
negative control, a concentration of ¼ MIC was added to the
cultures. All the tubes were incubated for 30 min in a
shaking incubator at 37 °C. The cultures were swabbed on
EtBr–agar plates starting from the center of the plate and
spreading toward the edges. The swabbed EtBr–agar plates
were then incubated at 37 °C for 18 h and examined under
a gel-imaging system (BIO-RAD's Gel Doc XR+ System). The
average fluorescence intensity of the swabbed area was
observed and compared between the controls and test
strains using open-source ImageJ software.40 Student's t-test
was used to test the statistical significance of the average
fluorescence intensity of each swab area.

2.9 Determination of the antimicrobial susceptibilities via
checkerboard assay

The checkerboard technique was performed in triplicate
using colistin–argatroban combinations for all the strains.
Concentration ranges of 512 μg mL−1 (1/2 × MIC) to 1 μg
mL−1 (1/1024 × MIC) for colistin, and 256 μg mL−1 (1/2 ×
MIC) to 2 μg mL−1 (1/256 × MIC) for argatroban were
prepared in 96-well microtiter plates (Thermo Scientific™)
using cation-supplemented Mueller–Hinton broth (CAMHB).
The concentration ranges were prepared in separate plates
and then joined into a single plate to have different
combinations of antibiotics in each well. The bacterial
inoculum was adjusted to ~5 × 105 to 6 × 105 CFU mL−1 using
Mueller–Hinton broth and distributed in all the wells. Two
wells were reserved for the positive and negative controls,
respectively, in each plate. After incubation at 37 °C for 24 h,
the fractional inhibitory concentration (FIC) index was
calculated using the formula:

P
FIC = FICA + FICB = CA/MICA + CB/MICB

Where MICA and MICB represent the individual MICs of
drugs A and B, respectively, and CA and CB indicate the
concentrations of the drugs in combination in the wells
corresponding to a specific MIC. The sum of FICI was then
interpreted as follows: synergy if FIC ≤ 0.5, additive effect if
0.5 < FIC ≤ 2, indifference if 2 < FIC ≤ 4, and antagonism if
FIC > 4.41

2.10 Time-kill assay

The time-kill assay of colistin (Col) in combination with
argatroban (Arg) was performed against three isolates: (A)
UK48, (B) UM573, and (C) UM869 at ¼MIC. Bacterium growth
without any compounds (untreated) was taken as the control.
Different concentrations of colistin and argatroban were
chosen according to the checkerboard evaluation method as
a synergistic combination. The drugs were prepared in 2-fold
serial dilutions and added in combination or alone to log-
phase bacterial culture suspensions containing ∼5 × 106 CFU
mL−1 in CAMHB and incubated at 37 °C. After incubation
times of 0, 4, 8, 12, and 24 h, 10 μL of bacterial suspension
was added to 990 μL of 0.7% NaCl, and then 1 μL of bacterial
suspension from NaCl was again added to 999 μL of 0.7%
NaCl solution. By this dilution, we achieved a 106 times
dilution of the culture. After dilution, 100 μL aliquots were
smeared on Mueller–Hinton agar plates and incubated at 37
°C overnight. Then, the colony number was counted on each
plate. All the experiments were repeated three times and the
average (mean) was calculated. The synergistic activity was
confirmed as a ≥2-log10 decrease in CFU counts at 24 h of
the combination compared to counts with the antibiotic
alone, in addition to a ≥2-log10 decrease compared to the
count at 0 h.42,43 Similarly, ≥3-log10 CFU mL−1 reduction
showed bactericidal activity compared to the initial
inoculums after 24 h.44,45

3. Results and discussion
3.1 Training data preparation

An adequate structural diversity and population of inhibitors/
ligands are critical to developing a ligand-based
pharmacophore.46 Although these are not quantitatively
defined, a training set of about 30 ligands is considered
healthy for developing a pharmacophore model.47

Unfortunately, very few EPIs were available in the literature
for AcrB-K. pneumoniae or AcrB-M. morganii. Relatively higher
numbers (inhibitors) of EPIs were reported for AcrB-E. coli.
This had high sequence similarity (91%) with AcrB-K.
pneumoniae. Besides, it showed an 80.42% similarity with
AcrB-M. morganii. Considering these issues and the fact that
E. coli is a model pathogen, its AcrB structure (PDB Id: 4DX5)
was used in this study. Data on a total of 32 compounds were
collected from the literature along with their in vitro activity
in terms of MICs against E. coli as AcrB efflux pump
inhibitors/substrates (Table 1).
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3.2 FDA-approved drugs dataset

A total number of 20 462 FDA-approved drugs and
investigational compounds were collected from different
databases, like ZINC,22 SuperDrug,23 SWEETLEAD,24 and
ChemSpider.25 The compounds were merged to remove
redundancies, and 6566 were retained as unique compounds.
The non-redundant dataset was prepared by LigPrep, which
generated 14 064 stereoisomers for 6566 unique compounds.

3.3 Ligand-based virtual screening (LBVS)

Ligand-based pharmacophore modeling is widely used to
identify standard features of active compounds that can be

used as pharmacophore models to screen and identify new
active compounds.46,65 Thus, a pharmacophore model was
developed and validated in this work. With all 32
compounds, 10 common hypotheses were generated. The
top-ranked hypothesis (AHHNR.100) based on survival score
(Table 2) was selected for generating the 3D-QSAR model
(Fig. 1). The correlation coefficient (R2 = 0.8766), cross-
validated correlation coefficient (Q2 = 0.3237), and Fisher
ratio (F = 92.3) scores were calculated using a set of 32
compounds (Table 3) and suggested the statistical
significance of the 3D-QSAR model.66 In subsequent
enrichment analysis using a decoy of 32 compounds (50
decoys for each active compound), the false-positive rate (FP

Table 1 Experimental MICs of collected efflux pump substrates/inhibitors in PubChem CID and the references

Compounds PubChem ID MIC (μg mL−1) MIC (μM mL−1) pMIC (μM mL−1) Ref.

Aminoquinoline 11379 14.42 0.1 1 48
Amitriptyline 2160 444 1.6 −0.2 49
Ampicillin 6249 39 0.11 0.95 50
Artesunate 6917864 4096 10.66 −1.03 51, 52
Azlocillin 6479523 44 0.1 1.02 50
Chlorpromazine 2726 256 0.8 0.1 49
Cloxacillin 6098 295 0.68 0.17 50
Daidzein 5281708 16 0.06 1.2 53
Dicloxacillin 18381 560 1.19 −0.08 50
Dihydroartemisinin 3000518 1024 3.6 −0.56 51, 54
Enpiroline 3033333 20.22 0.05 1.3 48
Erythromycin 12560 367 0.5 0.3 55
Ethidium 3624 512 1.63 −0.21 56
Geraniol 637566 64 0.41 0.38 57
Linezolid 441401 512 1.52 −0.18 58
Mangiferin 5281647 512 1.21 −0.08 59
MBX2319 86281621 4.05 0.01 2.11 60
Mezlocillin 656511 30 0.06 1.26 50
Nafcillin 8982 16 0.04 1.41 61
Nitrocefin 6436140 1.9 0 2.43 62
NMP 7573 400 1.77 −0.25 58
Nordihydroguaiaretic acid 4534 512 1.69 −0.23 59
Oxacillin 6196 1024 2.55 −0.41 62
Penicillin V 6869 178 0.51 0.29 50
Phthalanilide 85459 64 0.2 0.69 48
Pimozide 16362 92.31 0.2 0.7 63
Piperacillin 43672 46 0.09 1.05 50
Plumbagin 10205 128 0.68 0.17 59
Quercetin 5280343 1024 3.39 −0.53 59
Sertraline 68617 32 0.1 0.98 64
Shikonin 479503 256 0.89 0.05 59
Ursolic acid 64945 50 0.11 0.96 20

Table 2 Various scores of selected hypotheses

Hypothesis Survival Survival-inactive Post hoc Site Vector Volume Selectivity Matches Energy Activity Inactive

AHHNR.100 6.569 5.801 3.445 0.82 0.934 0.688 2.175 8 0 0.952 0.767
ADHHR.307 6.018 5.183 3.079 0.64 0.848 0.59 1.795 9 3.437 0.294 0.834
AAANR.19 6.109 5.153 3.038 0.51 0.909 0.615 2.122 8 1.521 0.952 0.956
AHHNR.804 6.416 5.672 3.374 0.74 0.917 0.717 2.093 8 1.999 1.021 0.744
ADHNR.161 6.285 5.548 3.256 0.77 0.832 0.65 2.08 8 1.999 1.021 0.737
AHHNR.46 6.559 5.662 3.459 0.83 0.935 0.693 2.151 8 0 0.952 0.898
AADHR.150 5.676 4.668 3.005 0.56 0.894 0.553 1.527 9 1.521 0.952 1.008
AAHHR.596 6.026 5.122 3.336 0.76 0.897 0.684 1.741 8 0 1.021 0.904
AAANR.52 6.202 5.311 3.147 0.61 0.869 0.67 2.106 8 7.822 1.021 0.89
AHHHR.438 6.153 5.385 3.348 0.71 0.927 0.711 1.857 8 2.118 0.952 0.768
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= 1 − Specificity) was plotted as a function of the valid
positive rate (TP = Sensitivity) (Fig. S1†). The area under the
accumulation curve was found to be 0.99. This suggested that
the hypothesis could identify the true positives in the
presence of false-positives (decoys).

Following this, the library of FDA-approved drugs/
investigational compounds was screened against
hypothesis AHHNR.100 to identify 927 stereoisomers for
207 unique compounds having desirable pharmacophoric
features of the inhibitors. Subsequently, these compounds
were subjected to multi-step virtual screening against the
Ec_AcrB protein using the glide docking module of the
Maestro suite. The active site residues of Ec_AcrB, i.e.,
SER48, THR85, THR87, GLN151, SER155, ASN274, ALA279,
ALA286, SER287, GLY288, PHE610, ALA611, VAL612,
PHE615, ARG620, and PHE 628, were selected for grid
generation. The top-ranked 30% hits were further
subjected to standard precision docking. The top-ranked
20% hits of this screening were further used for extra
precision docking (XP). The top 5 compounds were
selected (Table 4) for further analysis. Since antibiotics are
well-known substrates of efflux pumps, they were excluded

from the hits for further evaluation. Argatroban and
enalapril were the only non-antibiotics that showed high
affinity for the target. However, enalapril is a known
substrate of a multi-drug-resistant efflux pump,67 and in
our preliminary study, it failed to inhibit efflux activity.
Hence, only argatroban was considered for further

Fig. 1 Common pharmacophore model. (A) 3D-QSAR model of hypothesis AHHNR.100, (B) distance (Å) between the pharmacophore of the 3D-
QSAR model; where A1: hydrogen accepter in light pink color with the arrow, H6 and H7: hydrophobics in green color, N11: negatively charged
ion in dark pink color, R13: aromatic ring in orange color.

Table 3 Statistical analysis of the generated 3D-QSAR model for the respective hypothesis

ID SD R-Squared F P Stability RMSE Q-Squared Pearson–R

AHHNR.100 0.2635 0.8766 92.3 2.85 × 107 0.1936 0.9437 0.3237 0.7906
ADHHR.307 0.31 0.8463 77.1 4.56 × 107 0.375 0.9378 0.1491 0.3924
AAANR.19 0.3466 0.8449 59.9 8.92 × 106 0.0809 0.9435 0.0722 0.3009
AHHNR.804 0.3031 0.8421 64 3.77 × 106 0.0266 0.9969 0.1536 0.4531
ADHNR.161 0.3288 0.8379 56.8 1.14 × 105 0.3003 0.9386 0.2283 0.5537
AHHNR.46 0.3087 0.8326 69.6 8.37 × 107 0.0534 0.9918 0.1623 0.4076
AADHR.150 0.3355 0.8246 65.8 1.16 × 106 0.1104 0.9421 0.0749 0.2809
AAHHR.596 0.3222 0.8245 75.2 1.92 × 107 0.3952 0.9815 0.0057 0.2825
AAANR.52 0.3773 0.8161 48.8 2.31 × 105 0.3554 0.918 0.1217 0.3509
AHHHR.438 0.328 0.815 52.9 9.85 × 106 0.0863 0.9859 0.1722 0.489

Table 4 Extra precision (XP) docking score (kcal mol−1) of docked
compounds with AcrB

Compounds Antibiotic/Non-antibiotics
Docking score
(kcal mol−1)

Ligand
efficiency

Minocycline Antibiotic −10.07 −3.27
Argatroban Non-antibiotic −9.80 −3.57
Levofloxacin Antibiotic −9.80 −2.65
Meropenem Antibiotic −9.29 −2.79
Enalapril Non-antibiotic −9.17 −2.94
Ramatroban Antibiotic −9.15 −3.16
Spirapril Non-antibiotic −8.49 −3.65
Linezolid Antibiotic −8.46 −2.83
Cefalexin Antibiotic −8.31 −2.88
Ceforanide Antibiotic −8.23 −4.25

RSC Medicinal ChemistryResearch Article

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

8 
O

ct
ob

er
 2

02
3.

 D
ow

nl
oa

de
d 

on
 7

/2
4/

20
25

 4
:5

3:
11

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3md00483j


RSC Med. Chem., 2024, 15, 127–138 | 133This journal is © The Royal Society of Chemistry 2024

validation. Besides, based on the molecular docking,
argatroban showed (Fig. 2) strong interactions (−9.80 kcal
mol−1 binding energy) with the residues in the distal
pocket of AcrB involving two hydrogen bonds (SER 133 &
SER 134) and one pI–pI interaction (PHE 628 residue).

3.4 In vitro assay (identification and antibiogram test)

Bacterial identification and antibiotic susceptibility testing of
the collected isolates using the automated VITEK 2 system
revealed three colistin-resistant MDR (Table S1†) isolates.

Fig. 2 Binding position and interaction of argatroban with AcrB (PDB: 4DX5). (A) Binding position of argatroban within the distal pocket of E. coli-
AcrB. (B) Zoomed-in view of the binding position of argatroban within the distal pocket. (C) 2D interactions of argatroban with key residues of the
distal pocket. The color of the helix, sheet, and loops structures of the protein are represented by cyan, violet, and orange, respectively. The ligand
is shown in licorice and colored deep pink.

Table 5 MIC of three compounds against three isolates, MIC of colistin in the presence of ½MIC of CCCP for three isolates, and synergistic effect of
combinations (checkerboard assay) with FICI values

Isolates

MIC in alone MIC of Col the
presence of ½MIC of CCCP

MIC of Col and Arg in combinationa

Col CCCP Arg Col Arg FICI

UK48 1024 5 ≥512 0.25 256 64 0.125
UM869 ≥1024 20 ≥512 0.125 256 128 0.325
UM573 ≥1024 20 ≥512 0.25 256 128 0.325

a Col: colistin; CCCP: carbonyl cyanide m-chlorophenyl hydrazone; Agr: argatroban; MIC: minimum inhibitory concentration; FICI: fractional
inhibitory concentration index.
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Further, to confirm the species of the isolates at the
genotypic level, the isolates were subjected to 16S rRNA
amplification and sequencing. While the K. pneumoniae
(UK48) isolate remained consistent with the VITEK 2 result,
the E. coli isolates (UM869 and UM573) were reidentified as
Morganella morganii species from 16S rRNA alignment. The
16S rRNA sequencing data of M. morganii (UM573), M.
morganii (UM869), and K. pneumoniae UK48 were submitted
to NCBI's Nucleotide database under the accession numbers
ON533445 (https://www.ncbi.nlm.nih.gov/nuccore/
ON533445), ON533444 (https://www.ncbi.nlm.nih.gov/
nuccore/ON533444), and OQ914367 (https://www.ncbi.nlm.
nih.gov/nuccore/OQ914367) respectively.

3.5 Minimum inhibitory concentration (MIC) determination
assay

The MICs of colistin, CCCP, and argatroban for all three
isolates were determined using the BMD method. The MICs
of colistin, CCCP, and argatroban for all three isolates were
≥1024, 5–20, and ≥512 μg mL−1, respectively (Table 5). The
effect of the efflux pump inhibitor CCCP on the MIC of
colistin was also investigated. The addition of CCCP induced
a significant change in the MIC of colistin in all the strains,
resulting in an MIC fold change of 1024, supporting the
efflux pump mechanism of resistance. This agreed with the
well-known properties of CCCP as an EPI that reduces the
MICs of antibiotics.68,69 Interestingly, it also reduced the
MICs against M. morganii, which is known to be intrinsically
resistant to colistin.12,70 While CCCP alone showed an MIC of
20 μg mL−1 against M. morganii, when combined with
colistin, the MIC was reduced to 0.125–0.25 μg mL−1. Thus,
there seemed to be an undiscovered mechanism by which
CCCP increased the susceptibility to colistin (Table 5). A
higher MIC for argatroban (≥1024 μg mL−1) corroborated its
non-antimicrobial properties.

3.6 Assessment of the efflux activity and inhibition

The EtBr cartwheel assay is a commonly used method for
assessing efflux activity in bacteria.71 In this assay, bacteria
are grown in the presence of the fluorescent dye ethidium
bromide (EtBr) at various concentrations, and the level of
fluorescence is measured under UV light. Bacteria with high
efflux activity are expected to pump out EtBr and thus show
lower fluorescence levels than bacteria with low efflux
activity. Thus, the presence of efflux activity was investigated
following the protocols of the EtBr cartwheel assay.71 The
mean fluorescence intensity of the three isolates was found to
be significantly (P < 0.001) lower compared to the control (K.
pneumoniae ATCC13882), indicating the higher efflux activity
in these strains (Fig. 3). Whereas the addition of CCCP
(Fig. 3B) and argatroban (Fig. 3C) with a concentration of
¼MIC to the bacterial suspension for half an hour at 37 °C
displayed a significant increase in the mean fluorescence
intensity, suggesting a significant decrease in efflux activity.
This suggests that argatroban could behave as a potential
efflux pump inhibitor.

3.7 Checkerboard analysis of the combination

The checkerboard assay is used to evaluate the effect of two
antimicrobial agents when combined.72 The combination of
colistin and argatroban was tested in checkerboard assays
against the three bacterial isolates. The results showed that
the MIC values of colistin decreased by ≥4-fold when
combined with argatroban. The FIC value has been widely
used to define the combinatorial effects of drugs, and a value
<0.5 is considered synergistic.73 Thus, the combination of
argatroban with colistin demonstrated synergistic activity
against the K. pneumoniae strain (FIC = 0.125) and the M.
morganii strains (FIC = 0.325), as shown in Table 5. These
findings suggest that the isolates regained colistin
susceptibility in the presence of argatroban. This could be
partly attributed to argatroban's ability to inhibit colistin's

Fig. 3 EtBr cartwheel assay of the active efflux pump activity in the colistin-resistant MDR isolates. (A) Control (no drug stress), (B) under the stress
of CCCP, (C) under the stress of argatroban. EtBr cartwheel images show the efflux activity in terms of the fluorescence intensity. Isolates with
inhibited efflux activity show high fluorescence intensity.
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efflux. Interestingly, argatroban also increased the
susceptibility of M. morganii, which is intrinsically resistant
to colistin.4 Thus, any complementary effects beyond efflux
inhibitions cannot be ruled out for argatroban. However, this
requires further investigation.

3.8 Time-kill analysis

The time-kill assay measures the bactericidal or bacteriostatic
activity of an antimicrobial agent or combination over a
specific period.74 Bactericidal activity is characterized by a
more than 3 log10-fold reduction in colony-forming units,
indicating a 99.9% killing of the initial bacterial inoculum.75

Time-kill analysis allows for evaluating an antimicrobial
agent's impact on bacterial growth at different concentrations
throughout the growth stages, providing insights into its
efficacy over time.75 Time-kill assays were conducted here to
investigate the time-dependent effects using three bacterial
isolates (K. pneumoniae UK48, and M. morganii UM573 and
UM869), as shown in Fig. 4. Six different conditions were

compared for each isolate, including the control (only
isolate), colistin, CCCP, argatroban, colistin + CCCP, and
colistin + argatroban. A one-quarter concentration of MIC
was used for the time-kill assay, as outlined in Table 5. As
expected, the treatment with colistin did not show any
reduction in bacterial CFU in the three isolates (Fig. 4). Also,
argatroban alone did not affect the bacterial CFU. CCCP
alone showed a bacteriostatic effect against all the strains,
which agreed with its low MIC. The combination of CCCP
with colistin showed bactericidal activity against all the
strains with 8-log reductions in 20 h (Fig. 4). While the
combination of argatroban and colistin showed 2-log
reductions against UM869 and UM573, about an 8-log
reduction was observed in the CFU of UK48 within 20 h
(Fig. 4). The relatively less-fold reduction in the cases of
UM869 and UM573 could be explained by the fact that these
two strains are intrinsically resistant to colistin.4 With its
known antimicrobial properties, CCCP was able to ensure a
higher reduction of CFU when combined with colistin against
these strains. However, argatroban did not have

Fig. 4 Time-kill assay of colistin (Col) in combination with argatroban (Arg) against three isolates: (A) UK48, (B) UM573, and (C) UM869 at ¼MIC.
Bacterium growth without any compounds (untreated) was taken as the control (purple), colistin alone is shown in brown color, CCCP control in
pink color, argatroban alone in yellow color, colistin in combination with CCCP in blue color, colistin in combination with argatroban in green
color. The confidence interval of the error bar was predicted by Student's t-test.

RSC Medicinal Chemistry Research Article

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

8 
O

ct
ob

er
 2

02
3.

 D
ow

nl
oa

de
d 

on
 7

/2
4/

20
25

 4
:5

3:
11

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3md00483j


136 | RSC Med. Chem., 2024, 15, 127–138 This journal is © The Royal Society of Chemistry 2024

antimicrobial potency and showed only a 2-log reduction in
combination with colistin. Nonetheless, the reduction was
significant as 99% of the CFU were abrogated in 24 h. This
could be partly explained by the fact that both these strains
also efflux out colistin, and argatroban was found to inhibit
this process leading to improved susceptibility. The higher
susceptibility of UK48 to the combination of colistin–
argatroban and the ability of argatroban to inhibit efflux
activity indicated that the resistance of UK48 to colistin was
partly due to efflux-mediated resistance. It also showed the
potential of argatroban as an adjuvant to overcome the
efflux-mediated resistance of K. pneumoniae.

Argatroban is an anticoagulant that was first licensed in
2000 by the FDA for prophylaxis or the treatment of
thrombosis in patients with heparin-induced
thrombocytopenia, and it is well tolerated.76 Besides, it has
been reported with anti-fibrotic, anti-inflammatory,77 and
antiviral properties.78 Based on these properties, it has been
proposed as a potential therapeutic strategy for COVID-19.79

However, there is no clinical evidence supporting this, and it
is yet to be clinically repurposed. Nonetheless, the present
study shows its potential as an adjuvant to colistin. The
elimination of the half-life of argatroban (40–50 minutes)80

and that of colistin (2–3 h) suggest their potential
compatibility for further application.81 Moreover, like
colistin, argatroban is given parenterally. Although this
indicates their suitability for co-administration, further
pharmacokinetic and pharmacodynamic interaction studies
are necessary to validate this.

Conclusion

The in silico analysis in this study suggests the ability of
argatroban to bind strongly to efflux targets. However,
further investigations are necessary to validate this
mechanism. Nonetheless, the in vitro analysis suggests its
ability to inhibit efflux pump and increase the
susceptibility of colistin to resistant K. pneumoniae and M.
morganii synergistically. Thus, this study identified
argatroban, a non-antibiotic compound, as a potential
adjuvant to colistin for overcoming K. pneumoniae and M.
morganii resistance. This can encourage further research
to validate the application.
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