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Abstract
Repurposing nonantibiotic drugs for antimicrobial therapy presents a viable approach to drug discovery. Development of
therapeutic strategies that overcome existing resistance mechanisms is important especially against those bacterial infections
in which treatment options are limited, such as against multidrug-resistant Gram-negative bacilli. Herein, we provide in vitro
data that suggest the addition of anthelmintic salicylanilides, including oxyclozanide, rafoxanide, and closantel, in colistin
therapy to treat multidrug-resistant colistin-susceptible but more importantly colistin-resistant Gram-negative bacilli. As a
stand-alone agent, the three salicylanilides suffered from limited outer membrane permeation in Pseudomonas aeruginosa,
with oxyclozanide also susceptible to efflux. Synergy was apparent for the combinations against multidrug-resistant clinical
isolates of P. aeruginosa, Acinetobacter baumannii, Klebsiella pneumoniae, Escherichia coli, and Enterobacter cloacae.
Susceptibility breakpoints for colistin, but also with polymyxin B, were reached upon addition of 1 µg ml−1 of the
corresponding salicylanilide against colistin-resistant Gram-negative bacilli. Furthermore, enhanced bacterial killing was
observed in all combinations. Our data corroborate the repositioning of the three salicylanilides as adjuvants to counter
resistance to the antibiotic of last resort colistin. Our findings are timely and relevant since the global dissemination of
plasmid-mediated colistin resistance had been realized.

Introduction

The escalating incidence of multidrug-resistant (MDR)
bacterial infections imposes a serious threat and significant
burden to our current healthcare system [1–3]. Infections
caused by Gram-negative bacteria are arguably difficult
to treat due to their inherent resistance mechanisms that
include double protective (outer and inner) membrane bar-
riers and overexpressed efflux systems, aside from chro-
mosomal and plasmid resistance genes that they harbor

[4, 5]. The dearth of available options to treat MDR Gram-
negative bacterial infections drives the development
of novel strategies that overcomes existing resistance
mechanisms. One strategy that has proven of therapeutic
utility is to combine existing antibiotics with helper mole-
cules called adjuvants. Addition of adjuvants to antibiotics
results in an enhanced efficacy for the combination. Adju-
vants may play an active role in disarming resistance
mechanisms against their antibiotic partner. Combinations
of β-lactam antibiotics with β-lactamase inhibitors are
examples of such strategy, in which the latter are respon-
sible for preventing the degradation/hydrolysis of the for-
mer. Adjuvants may also be of chemical entities that
possess latent antibacterial activity albeit inactive or poorly
active against a pathogen if used alone. For instance, the use
of membrane permeabilizers such as ethylenediamine tet-
raacetic acid [6] and select bioactive peptides [7–9] that are
capable of disintegrating bacterial membranes at certain
(typically high) concentrations. At therapeutic (low) con-
centrations, these membrane permeabilizers enhance intra-
cellular accumulation of their partner antibiotic. Notably,
there are membrane-active antibiotics with potent
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antibacterial activity that also possess the ability to per-
meabilize and disrupt bacterial membranes, including the
lipopeptides polymyxin B, colistin (polymyxin E), and
daptomycin. Lastly, an adjuvant may be a bioactive mole-
cule that induces genotypic/phenotypic changes in the
bacterium that render them more susceptible to an antibiotic
(s). This cohort of molecules includes bacterial two-
component system inhibitors and antivirulence agents.

Repurposing nonantibiotic drugs as antibacterial agents
and/or adjuvants offers time and cost-effectiveness in
comparison to de novo discovery/development. Certainly,
the agents approved by the government health agencies
such as the United States Food and Drug Administration
(FDA) have passed rigorous safety and efficacy evaluations
and their pharmacokinetic profiles and liabilities have been
well characterized. Therefore, repurposing FDA-approved
nonantibiotic drugs for antimicrobial therapy especially
against complicated MDR bacterial infections has recently
drawn considerable interest [10, 11]. The FDA-approved
anthelmintic salicylanilide niclosamide (NIC) had been
reported to possess potent activity against Gram-positive
bacteria [12, 13]. Our group and others therefore have
realized the potential for NIC in antimicrobial therapy.
For instance, NIC has been suggested for the treatment
of methicillin-resistant Staphylococcus aureus [12],
vancomycin-resistant Enterococci [13], and other gut
pathogens including Helicobacter pylori [14] and Clos-
tridium difficile [15, 16]. The antibacterial action of NIC,
while not fully understood, appears to be through dissipa-
tion of the proton motive force that is crucial for bacterial
ATP production [14, 17]. NIC displayed poor activity
against most Gram-negative bacteria [18, 19] and therefore
perceived therapeutic use as an antibacterial agent is limited
to only Gram-positive bacteria. However, NIC may be a
prospective adjuvant against Gram-negative bacteria, espe-
cially those that are MDR. The ability of NIC to quench
bacterial quorum sensing and induce phenotypic changes in
the Gram-negative bacilli Pseudomonas aeruginosa have
been reported [18]. P. aeruginosa is an opportunistic
pathogen that commonly infects cystic fibrosis and immu-
nocompromised patients. Naturally, repurposing NIC as an
antivirulence agent against P. aeruginosa cystic fibrosis
lung infection had been described [20]. Our group also
found utility for NIC as an adjuvant in combination with
colistin for the treatment of MDR Gram-negative bacillary
infections [19]. We found potent synergism between the
two agents against MDR clinical isolates of P. aeruginosa,
Acinetobacter baumannii, Klebsiella pneumoniae, Escher-
ichia coli, and Enterobacter cloacae. More importantly,
1 µg ml−1 NIC revived and significantly enhanced colistin’s
potency against colistin-resistant Gram-negative bacterial
isolates, including strains that harbored the mcr-1 gene
plasmid [19]. This is important since colistin is an antibiotic

of last resort to treat complicated Gram-negative bacterial
infections that are nonresponsive to conventional therapy
[21], and global dissemination of plasmid-mediated colistin
resistance has been realized [22]. Herein, we explored
combinations of colistin and other FDA-approved salicy-
lanilides (Fig. 1), albeit currently for veterinary use only,
against MDR Gram-negative bacteria. We found that the
salicylanilides oxyclozanide (OXY), rafoxanide (RAF), and
closantel (CLO) potently synergized with colistin, but also
with polymyxin B, against colistin-susceptible but more
importantly colistin-resistant Gram-negative bacilli. The
three salicylanilides present options to replace NIC for
combination therapy with colistin to treat complicated
MDR Gram-negative bacterial infections. Our findings
support the repurposing of FDA-approved salicylanilides
for antimicrobial therapy especially against recalcitrant
MDR pathogens. Furthermore, our results suggest that the
salicylanilide scaffold may be of use to generate newer
derivatives with better activity and/or safer toxicity profile.

Results and discussion

Oxyclozanide, rafoxanide, and closantel synergized
with colistin against wild-type Gram-negative bacilli

In line with our recent discovery that the anthelminthic NIC
synergized with the lipopeptide colistin in eradicating
pathogenic MDR Gram-negative bacilli [19], we wondered
whether the same effect can be observed in other FDA-
approved salicylanilides. We evaluated three salicylanilides
(Fig. 1) that included OXY, RAF, and CLO. While not used
to treat tapeworm infections in humans like NIC, these three
agents are prescribed for veterinary usage to treat infections
caused by internal parasites such as flukes and roundworms
in ruminants and other livestock. We initially assessed the

Fig. 1 Chemical structures of different salicylanilides: niclosamide (a),
oxyclozanide (b), rafoxanide (c), and closantel (d). Respective mole-
cular weights are 327.12 g mol−1 for niclosamide, 401.46 g mol−1 for
oxyclozanide, 626.01 g mol−1 for rafoxanide and 663.07 g mol−1

for closantel
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activity of the combination against three wild-type
(laboratory-reference) Gram-negative bacilli, including
P. aeruginosa PAO1, A. baumannii ATCC 17978, and
E. coli ATCC 25922, to observe possible synergistic effects
devoid of the possibility that this may be due to resistance
mechanisms resulting from accumulated mutations or
acquired plasmids that a clinical isolate may harbor. Anti-
bacterial activity was measured by minimum inhibitory
concentration (MIC), or the lowest concentration of an
agent to prevent visible bacterial growth, while synergism
between colistin and salicylanilides was determined by
fractional inhibitory concentration (FIC) index. The FIC of
antibiotic was calculated by dividing the MIC of antibiotic
in the presence of adjuvant by the MIC of antibiotic alone.
Likewise, the FIC of adjuvant was calculated by dividing
the MIC of adjuvant in the presence of antibiotic by the
MIC of adjuvant alone. The FIC index was the summation
of both FIC values where an FIC index of 0.5, 0.5 < x < 4, or
≥4 was interpreted as synergistic, additive, or antagonistic,
respectively.

OXY, RAF, and CLO displayed poor activities as stand-
alone agents against all three wild-type Gram-negative
bacilli (Table 1). However, all three salicylanilides poten-
tiated the antibacterial activity of colistin against the three
tested wild-type Gram-negative bacilli, with FIC indices
ranging from 0.023 to 0.251 values (Table 1). This initial
finding suggested the therapeutic potential for the combi-
nation of colistin with either OXY, RAF or CLO against
Gram-negative bacterial pathogens, similar to what we
recently reported [19] for NIC.

Efflux affected oxyclozanide but not rafoxanide and
closantel in P. aeruginosa

OXY, RAF, and CLO had been reported [12, 23] to
display potent antibacterial effect against Gram-positive
bacteria. However salicylanilides have fairly limited activity
against Gram-negative bacteria [18, 19]. In view of the
available literature data, one may postulate that the inac-
tivity of salicylanilides against Gram-negative bacteria is
due to either limited permeation of the outer membrane
or extensive intracellular expulsion by efflux systems, or
both. We recently reported [19] that NIC was a substrate
of efflux systems in P. aeruginosa but not of the MexAB-
OprM tripartite efflux pump. This finding (Table 2) was
apparent since the MIC of NIC against efflux-deficient
P. aeruginosa PAO750 strain (2 µg ml−1) was significantly
lower in comparison against wild-type P. aeruginosa PAO1
(512 µg ml−1). Strain PAO750 lacked five clinically-
relevant efflux pumps (MexAB-OprM, MexCD-OprJ,
MexEF-OprnN, MexJK, and MexXY) and the outer mem-
brane protein OpmH. However, the MIC of NIC was
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unchanged against PAO200, which only lacked the
MexAB-OprM efflux system, relative to PAO1 (Table 2).

We then wondered if active efflux could be attributed to
the inactivity of OXY, RAF, and CLO in P. aeruginosa.
Our microbiological assessment on efflux-deficient strains
revealed that OXY was slightly affected by efflux (Table 2).
This is apparent by the 4-fold MIC difference of OXY
against PAO1 (256 µg ml−1) and PAO750 (64 µg ml−1).
Similar to NIC, OXY appeared not to be a substrate of the
MexAB-OprM efflux system since its MIC was unchanged
against PAO200. However, the comparatively smaller MIC
change in OXY, with respect to what was observed in NIC,
suggested that other factors aside from efflux may be
restricting its activity against Gram-negative bacilli. The
MICs of both RAF and CLO were also unchanged against
both efflux-deficient strains, suggesting their nonsuscept-
ibility to efflux in P. aeruginosa.

Outer membrane impermeability restricted
oxyclozanide, rafoxanide, and closantel from
eliciting antibacterial effect in P. aeruginosa

We then evaluated the antibacterial activity of the three
salicylanilides against P. aeruginosa PAO1 in the presence
of 16 µg ml−1 polymyxin B nonapeptide (PMBN), a well-
known polymyxin-derived outer membrane permeabilizer
[24] that possessed poor antibacterial activity against Gram-
negative bacteria. PMBN perturbs the organization and lipid
packing of the outer membrane resulting in a leaky barrier
where molecules can easily pass through [25]. Subjecting
P. aeruginosa to PMBN will disarm the restrictive outer
membrane and allow the entry of salicylanilides into the
periplasm, upon which potential antibacterial effect may
then be elicited. PMBN alone exhibited poor activity
(MIC of 128 µg ml−1) against P. aeruginosa PAO1. In the
presence of 16 µg ml−1 PMBN, the activity of OXY, RAF,
and CLO became apparent (Table 3). A 16-fold, >64-fold
and >128-fold difference in MIC of OXY, RAF, and CLO,

respectively, were obtained upon disruption of the restric-
tive outer membrane barrier of P. aeruginosa. These data
confirmed that the activity of the three salicylanilides
against P. aeruginosa was greatly limited by their poor
outer membrane penetration. Outer membrane imperme-
ability of these salicylanilides can be explained by their
respective physicochemical property (Fig. 1) and molecular
weight (MW). NIC, OXY, RAF, and CLO are compara-
tively hydrophobic, due to their conjugated aromatic planar
rings, with NIC being relatively polar owing to its nitro
substituent (Fig. 1). Conversely, it is widely accepted that
large (MW > 600 g mol−1) nonpolar molecules are restricted
to cross the water-filled cavity of porin channels in the
outer membrane, which is typically used by polar com-
pounds to enter the periplasm [4, 26, 27]. Suggestively, NIC
(MW= 327.12 g mol−1) and OXY (MW= 401.46 g mol−1)
are able to enter the periplasm through porins, with OXY
more limited relative to NIC, only then to be expelled out
by efflux pumps; hence their inactivity as a stand-alone
agent against Gram-negative bacteria. On the other hand,
both RAF (MW= 626.01 g mol−1) and CLO (MW=
663.07 g mol−1) are likely too hydrophobic and bulky to
traverse through porins to elicit their antibacterial effect.
The lipopolysaccharides and exopolysaccharides studded
in the outer membrane of Gram-negative bacteria confer
a hydrophilic shield therefore effective passive diffusion
of hydrophobic salicylanilides is unlikely; and thus their
inability to cross the membrane.

Synergy with colistin was retained in colistin-
susceptible multidrug-resistant clinical isolates
of Gram-negative bacilli

Combinations of colistin with the three salicylanilides were
then evaluated against colistin-susceptible MDR Gram-
negative bacilli via checkerboard assay. Firstly, the activity
of the combinations was evaluated against seven clinical
isolates of MDR P. aeruginosa (Fig. 2 and Supplementary
information Table 1). OXY, RAF, and CLO displayed limited
activity by themselves against all tested colistin-susceptible
Gram-negative bacilli (see Supplementary information
Table 1–3). The combinations were synergistic against MDR
P. aeruginosa isolates except for two (PA259-96918 and
PA260-97103), to which were found only additive effects
(see Supplementary information Table 1). In order to compare
adjuvant potency, we looked at the fold potentiation of
colistin in the presence of either 1 µg ml−1 OXY, RAF or
CLO. Fold potentiation is the degree of activity enhancement
induced by a fixed concentration of the adjuvant, which is
calculated by dividing the MIC of colistin alone by the
absolute MIC of colistin in the presence of adjuvant. Out of
the seven MDR colistin-susceptible P. aeruginosa, synergy
of the combinations were most pronounced in PA095 strain

Table 2 Effect of efflux on the antibacterial activity of salicylanilides
niclosamide (NIC), oxyclozanide (OXY), rafoxanide (RAF), and
closantel (CLO)

Organism MIC, µg ml−1

NIC OXY RAF CLO

P. aeruginosa PAO1a 512 256 >256 >256

P. aeruginosa PAO200b >512 256 >256 >256

P. aeruginosa PAO750c 2 64 >256 >256

aWild-type
bEfflux-deficient strain lacking the MexAB-OprM pump
cEfflux-deficient strain lacking five clinically-relevant pumps
(MexAB-OprM, MexCD-OprJ, MexEF-OprN, MexJK, and MexXY)
and outer membrane protein OpmH

608 R. Domalaon et al.



(see Supplementary information Table 1). RAF displayed
highest synergism with colistin (FIC index of 0.031 < x <
0.033) against PA095. Colistin’s MIC (0.25 µgml−1) against
PA095 strain was reduced to 0.008 µgml−1 in the presence
of 1 µgml−1 RAF; hence elicited a 32-fold potentiation
(Fig. 2). In fact, RAF appeared to be most effective synergizer
of colistin in all tested P. aeruginosa clinical isolates (Fig. 2),
followed by CLO then OXY.

We then evaluated the combinations against other
colistin-susceptible clinical isolates of Gram-negative
bacilli, including A. baumannii (4), K. pneumoniae (1),
E. coli (1), and E. cloacae (1). Synergy was observed in all
combinations of colistin with the three salicylanilides
against all tested MDR A. baumannii strains (see Supple-
mentary information Table 2). Similar to observations in
P. aeruginosa, RAF appeared to synergize with colistin the
most followed by CLO then OXY (Fig. 3 and Supple-
mentary information Table 2). For instance, a 32-fold MIC
potentiation was observed for colistin in the presence of

1 µg ml−1 RAF against A. baumannii AB027 strain (Fig. 3).
Conversely, 16-fold and 8-fold MIC potentiation were
found upon addition of 1 µg ml−1 CLO and OXY, respec-
tively, to colistin against the same strain. OXY, RAF, and
CLO also synergized with colistin against the three colistin-
susceptible MDR Enterobacteriaceae (Fig. 3 and Supple-
mentary information Table 3). For instance, 1 µg ml−1 of
either OXY, RAF or CLO potentiated colistin’s activity by
16-fold against K. pneumoniae 116381 (Fig. 3). Indeed, all
three salicylanilides enhanced colistin’s antibacterial effect
towards colistin-susceptible Gram-negative bacilli.

MIC of colistin in the presence of either
oxyclozanide, rafoxanide or closantel was reduced
below susceptibility breakpoint against colistin-
resistant Gram-negative bacilli

Therapeutic potential for combinations of colistin and the
three salicylanilides were further assessed against MDR

Table 3 Evaluation for synergy
of combinations consisting of
salicylanilides oxyclozanide
(OXY), rafoxanide (RAF), and
closantel (CLO) with membrane
permeabilizer polymyxin B
nonapeptide (PMBN) against
wild-type of P. aeruginosa
PAO1

Organism Salicylanilide MICsalicylanilide µg ml−1 Absolute MICsalicylanilide
b µg ml−1 Differencec

P. aeruginosa
PAO1

OXY 256 16 16-fold

RAF >256 4 >64-fold

CLO >256 2 >128-fold

aMIC of PMBN against PAO1 was 128 µg ml−1

bMIC of salicylanilide in the presence of 16 µg ml−1 PMBN
cMIC difference of salicylanilide alone and in the presence of 16 µg ml−1 PMBN

Fig. 2 Fold potentiation of colistin (COL) by the addition of either
1 µg ml−1 oxyclozanide (OXY), rafoxanide (RAF) or closantel (CLO)
against wild-type and colistin-susceptible multidrug-resistant clinical
isolates of P. aeruginosa. Note that combinations of three

salicylanilides with COL yielded only additive effects against
P. aeruginosa PA259-96918 and PA260-97103. Higher concentra-
tions of salicylanilides resulted in higher fold potentiation of COL.
(see Supplementary information Table 1 for MIC and FIC values)
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colistin-resistant Gram-negative bacilli, including P. aeru-
ginosa (3), A. baumannii (1), K. pneumoniae (2), E. coli (2),
and E. cloacae (2) clinical isolates. Notably, the two MDR
colistin-resistant E. coli in the panel harbor the mcr-1
resistance gene [28]. According to the Clinical and
Laboratory Standards Institute (CLSI), the susceptibility
breakpoint for colistin against P. aeruginosa and A. bau-
mannii is an MIC of ≤2 µg ml−1 [29]. Bacterial strains that
yield an MIC value for a drug above the susceptibility
breakpoint are considered to be resistant to such a drug.
There is currently no established breakpoint for colistin
against Enterobacteriaceae, therefore we cautiously used
established values on other Gram-negative bacilli such as
P. aeruginosa for interpretation. To this note, all our tested
colistin-resistant Gram-negative bacilli possessed an MIC
of ≥4 µg ml−1 for colistin (Table 4). The three salicylani-
lides alone displayed poor activity (Table 4) against all
tested colistin-resistant Gram-negative bacilli.

Combinations of colistin with either OXY, RAF or CLO
were synergistic against almost all tested MDR colistin-
resistant Gram-negative bacilli (Table 4), even against
the two mcr-1 gene-positive E. coli strains. The combina-
tion of CLO with colistin yielded additive effects only
against P. aeruginosa 114228. The absolute MIC of
colistin in the presence of 1 µg ml−1 salicylanilides was
then compared to assess the relative potencies of the com-
binations (Table 4). Susceptibility breakpoint for colistin
was reached in most clinical isolates, with few exceptions
(Table 4). For instance, 1 µg ml−1 of OXY and CLO
was not able to reduce the MIC of colistin against

P. aeruginosa 114228. Neither 1 µg ml−1 of RAF nor CLO
lowered colistin’s MIC below susceptibility breakpoint
against both E. cloacae 118564 and 121187 strains. How-
ever, significant colistin potentiation was observed in
almost all strains. For example, the MIC of colistin was
reduced from 1024 µg ml−1 to 0.125, 0.25, and 0.25 µg ml−1

upon addition of 1 µg ml−1 OXY, RAF, and CLO, respec-
tively, against P. aeruginosa 101243 (Table 4). Therefore,
up to 8192-fold potentiation was achieved by the addition
of 1 µg ml−1 of salicylanilide to colistin (Fig. 4). Similarly,
the MIC of colistin was reduced from 16 µg ml−1 to 0.5, 0.5,
and 2 µg ml−1 in the presence of 1 µg ml−1 OXY, RAF, and
CLO, respectively, against the mcr-1 gene-positive E. coli
94474 (Table 4). In general (Fig. 4), OXY and RAF
appeared to potentiate colistin superior to CLO. Strong
synergism was also observed in combinations of polymyxin
B and either OXY, RAF or CLO against MDR colistin-
resistant Gram-negative bacilli (see Supplementary infor-
mation Table 4), in which OXY and RAF showed superior
effects relative to CLO. These surprising and astonishing
findings are timely and significant since global colistin
resistance dissemination have been recently realized.
These data strongly suggest the addition of either OXY,
RAF or CLO to colistin monotherapy against MDR and
especially colistin-resistant Gram-negative bacilli. Optimi-
zation of derivatives to match the pharmacokinetics
of colistin or polymyxin B is desirable. Evaluation in
in vivo infection models with the optimized analogs prior
to clinical development of these combinations would be
necessary.

Fig. 3 Fold potentiation of colistin (COL) by the addition of either
1 µg ml−1 oxyclozanide (OXY), rafoxanide (RAF) or closantel (CLO)
against wild-type and colistin-susceptible multidrug-resistant clinical
isolates of A. baumannii and Enterobacteriaceae. Note that all

combinations of salicylanilides with COL yielded synergistic effects
against all tested strains shown above. Higher concentrations of sali-
cylanilides resulted to higher fold potentiation of COL. (see Supple-
mentary information Tables 2 & 3 for MIC and FIC values)
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Addition of oxyclozanide, rafoxanide, and closantel
to colistin monotherapy resulted in enhanced
bacterial killing

While our checkerboard assay data confirmed that OXY,
RAF, and CLO synergized with colistin in vitro, similar
to our recent report [19] for NIC, we questioned whether
the synergistic combinations can also be confirmed via
time-kill kinetics assay. Synergy for this assay denoted to
a significantly greater bacterial eradication induced by the
combination relative to monotherapy of either components.
We previously demonstrated that combinations of colistin
(2 µg ml−1) and NIC (1 or 4 µg ml−1) resulted to augmented
bacterial killing in colistin-susceptible but more importantly
colistin-resistant Gram-negative bacilli, including P. aeru-
ginosa, A. baumannii, K. pneumoniae, E. coli, and
E. cloacae [19]. While we extrapolated that similar time-kill
kinetics can be observed for OXY, RAF, and CLO, since
the three salicylanilides possessed similar chemical struc-
ture to NIC, we decided to confirm our hypothesis by per-
forming the time-kill kinetic assay against E. coli 94474.
We stressed that this E. coli strain possessed the mcr-1 gene
responsible for plasmid-mediated colistin resistance [28],
and therefore data reflected in this assay were relevant.
Salicylanilide concentration of 1 µg ml−1 was used as the
lower adjuvant concentration, since our checkerboard data
suggested that this is the optimal concentration for the
combination, while 4 µg ml−1 concentration was used as a
higher concentration limit. Colistin concentration was

chosen to be at the CLSI interpretative susceptibility
breakpoint value (2 µg ml−1).

Combinations of colistin with OXY, RAF, or CLO
at either 1 or 4 µg ml−1 displayed enhanced bacterial
killing (Fig. 5), and therefore synergism. Neither colistin
(2 µg ml−1) nor salicylanilides (4 µg ml−1) alone were able
to prevent bacterial growth. It appeared that RAF
elicited relatively greater effect on colistin’s bactericidal
activity than OXY and CLO (Fig. 5). The combination
of colistin at higher RAF concentration (4 µg ml−1)
achieved complete bacterial eradication after 8 h, as the
colony forming units (CFU) of E. coli 94474 was below the
detection limit. Complete bacterial eradication was also
obtained for the combination of colistin at lower RAF
concentration (1 µg ml−1) after 24 h. Similarly, addition of
higher concentration CLO (4 µgml−1) to colistin (2 µg ml−1)
resulted to complete eradication after 8 h. However,
the combination of colistin with lower CLO concentration
(1 µg ml−1) did not exhibit similar potency as CFU of E. coli
94474 were still observed. On a similar report [30],
enhanced bacterial killing was demonstrated for the
combination of CLO and polymyxin B against colistin-
susceptible and colistin-resistant A. baumannii. The com-
bination of colistin (2 µg ml−1) with higher concentration
OXY (4 µg ml−1) lowered CFU of E. coli 94474 below
the detection limit after 24 h. Similar to CLO, the lower
OXY concentration (1 µg ml−1) did not fully eradicate
the pathogen. While further time-kill kinetic studies
against other Gram-negative bacilli will be assessed for

Fig. 4 Fold potentiation of colistin (COL) by the addition of either
1 µg ml−1 oxyclozanide (OXY), rafoxanide (RAF) or closantel (CLO)
against colistin-resistant multidrug-resistant clinical isolates of
P. aeruginosa, A. baumannii, and Enterobacteriaceae. Note that

the combination of CLO with COL yielded only additive effects
against P. aeruginosa 114228. Higher concentrations of salicylanilides
resulted to higher fold potentiation of COL. (see Table 4 for MIC and
FIC values)
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future work, we believe that the data shown in this study
are indicative of the potent synergism between colistin and
the three salicylanilides. In fact, the time-kill kinetic curves

for combinations of colistin with either OXY, RAF or CLO
were similar to what we reported for NIC against the same
MDR colistin-resistant E. coli 94474 clinical isolate.

Fig. 5 Time kill kinetics curve for combinations of colistin (COL) with either oxyclozanide (OXY) (a), rafoxanide (RAF) (b) or closantel (CLO)
(c) against colistin-resistant multidrug-resistant E. coli 94474. Enhanced bacterial killing was observed for all three combinations
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Combinations of colistin with either oxyclozanide,
rafoxanide or closantel possessed therapeutic
potential but with limitations

Our data reported herein revealed the synergistic combina-
tion of colistin with either OXY, RAF or CLO against
colistin-susceptible but more importantly colistin-resistant
Gram-negative bacilli. Most importantly, the three salicy-
lanilides reduced the MIC of colistin against colistin-
resistant pathogens below the CLSI susceptibility break-
point therefore resensitizing them to the antibiotic. Fur-
thermore, enhanced bacterial killing was observed for all
the combinations against an E. coli strain harboring the
mcr-1 colistin resistance gene plasmid. The degree of
adjuvant potency between the three salicylanilides appeared
to be RAF > OXY ≥CLO for combinations against both
colistin-susceptible and colistin-resistant Gram-negative
bacilli. In perspective to our recently reported data [19],
NIC displayed adjuvant potency similar to RAF. The
molecular dynamics resulting to synergism between colistin
and the three salicylanilides is most likely similar to what
we have reported for colistin and NIC. Since our data
revealed that OXY, RAF, and CLO suffered from limited
outer membrane penetration (with OXY also susceptible to
active efflux), we believe that colistin potentiated the three
salicylanilides by permeabilizing and perturbing the outer
membrane that effectively enhanced their intracellular
accumulation. Conversely, the three salicylanilides, owing
to very similar chemical structures to NIC, may elicit
similar genetic/phenotypic responses in the bacterium that
result in an enhanced susceptibility to colistin (may likely
be responsible for colistin potentiation in colistin-resistant
strains). While the latter is reported for NIC [18], further
genetic investigation with RAF, OXY, and CLO is needed
for future work to confirm this hypothesis. The synergistic
combination of colistin and the three salicylanilides cer-
tainly warrant further investigation.

An apparent advantage for further pursuing these combi-
nations for treatment against Gram-negative bacterial infec-
tions is that all components, including the three salicylanilides,
are FDA-approved drugs and that their pharmacological pro-
file is well characterized. Certainly, repurposing existing
nonantibiotic drugs for antibiotic therapy offer a low sk and
cost approach relative to de novo drug discovery/develop-
ment. However, toxicity and poor plasma concentration/
bioavailability limits these combinations for systemic appli-
cations. Colistin, among other polymyxins, is known to be
nephrotoxic and neurotoxic and thus regarded as drugs of last
resort for MDR Gram-negative bacterial infections non-
responsive to conventional antibiotic treatment. Therefore,
partner agents that significantly lower the required dose of
colistin to eradicate the pathogen are needed, especially now
that plasmid-mediated colistin resistance had globally

disseminated. We disclosed herein that OXY, RAF, and
CLO certainly are able to reduce the needed colistin con-
centration to eradicate colistin-susceptible but more impor-
tantly colistin-resistant Gram-negative bacilli. However, the
three salicylanilides have been described to induce moderate
cytotoxicity. The CC50, or the concentration to reduce cell
viability to 50%, for OXY, RAF, and CLO was reported to be
8, 16, and 16 µgml−1, respectively, against human kidney
HEK 293 T/17 cells [16]. Similar CC50 values were found for
the three salicylanilides against human liver HepG2 cells [16].
However, it should be noted that NIC displayed much greater
cytotoxic effects towards human kidney HEK293T/17 and
human liver HepG2 cells with CC50 values of 0.25 µgml−1 for
both [16]. Aside from possible cytotoxicity concerns, the three
salicylanilides have limited systemic availability. Plasma
concentrations obtained following oral administration of OXY
(15mg kg−1), RAF (7.5 mg kg−1), and CLO (7.5 mg kg−1) to
sheep (n= 5) were reported [31] to be 19.0 ± 2.3 µgml−1,
23.0 ± 2.4 µgml−1, and 48.0 ± 4.6 µgml−1, respectively.
However, all the three salicylanilides were found to be
extensively (>99%) bound to plasma proteins that greatly
limit their ability to elicit therapeutic effect [31]. To circum-
vent these problems, we foresee colistin in combination
with either of the three salicylanilides being developed for
topical applications to treat complicated bacterial infections.
Indeed, there is an urgent need to develop therapeutic strate-
gies that overcome bacterial resistance especially against those
antibiotics of last resort such as colistin. Our findings posi-
tioned the combination of colistin with salicylanilides as a
potential strategy that may address the issue of antimicrobial
resistance in Gram-negative bacilli. Furthermore, repurposing
FDA-approved nonantibiotic drugs as adjuvants to existing
antibiotics may hold key for future treatment of MDR bac-
terial infections. While drug repurposing strategy has its
own merits, scientific ingenuity should not only be bound
to commercially-available salicylanildes like NIC, OXY,
RAF, and CLO. New derivatives may be generated from the
salicylanilide scaffold with improved pharmacokinetic prop-
erties and reduced toxicity. Our findings position the combi-
nation of colistin with salicylanilides as a potential strategy
that may address the issue of antimicrobial resistance in Gram-
negative bacilli.

Materials and methods

General

Antibiotics and salicylanilides in this study were obtained
from commercial sources. Bacterial strains in this study
were acquired from either the American Type Culture
Collection (ATCC) or the Canadian Ward Surveillance
(CANWARD) study [32]. Bacterial isolates from
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CANWARD were isolated from clinical specimens col-
lected from patients suffering a presumed infectious dis-
eases admitted in a participating medical center across
Canada. Two MDR colistin-resistant E. coli strains in this
study have been described to harbor the plasmid-mediated
colistin resistance gene mcr-1 [28]. Efflux-deficient
P. aeruginosa PAO200 lacked the MexAB-OprM efflux
system while PAO750 lacked five clinically-relevant pumps
(MexAB-OprM, MexCD-OprJ, MexEF-OprN, MexJK, and
MexXY) and the outer membrane protein OpmH. Prior to
conducting experiments, bacterial isolates were grown
overnight in lysogeny/luria broth (LB) on an incubator
shaker at 37 °C.

Antimicrobial susceptibility assay

Antibacterial activity of the tested agents in vitro was
evaluated by microbroth dilution susceptibility testing
according to the CLSI guidelines [29]. Overnight grown
bacterial cultures were diluted in saline to achieve a 0.5
McFarland turbidity. Subsequently, the diluted bacterial
culture was then further diluted 1:50 in Mueller-Hinton
broth (MHB) for inoculation to a final concentration of
approximately 5 × 105 CFU/ml. Experiments were per-
formed on 96-well plates where the tested agents were 2-
fold serially diluted in MHB and incubated with equal
volumes of bacterial inoculum at 37 °C for 18 h. MIC
values for tested agents were determined as the lowest
concentration to inhibit visible bacterial growth in the form
of turbidity, which was confirmed via EMax Plus micro-
plate reader (Molecular Devices, USA) at 590 nm wave-
length. Wells with or without bacterial cells were used as
positive or negative controls, respectively.

Checkerboard assay

Experiments were performed on 96-well plates as pre-
viously described [7, 33]. The antibiotic of interest was 2-
fold serially diluted along the x-axis, while the salicylanilide
was 2-fold serially diluted along the y-axis to create a
matrix where each well consisted of a combination of both
agents at different concentrations. Overnight grown bac-
terial cultures were then diluted in saline to 0.5 McFarland
turbidity, subsequently followed by 1:50 further dilution in
MHB and inoculation on each well to achieve a final con-
centration of approximately 5 × 105 CFUml−1. Wells con-
sisting of MHB with or without bacterial cells were used as
positive or negative controls, respectively. The 96-well
plates were then incubated at 37 °C for 18 h and examined
for visible turbidity, which was confirmed using an EMax
Plus microplate reader (Molecular Devices, USA) at 590 nm
wavelength. FIC of the antibiotic was calculated by dividing
the MIC of antibiotic in the presence of salicylanilide by the

MIC of antibiotic alone. Similarly, FIC of salicylanilide was
calculated by dividing the MIC of salicylanilide in the
presence of antibiotic by the MIC of salicylanilide alone.
The FIC index was the summation of both FIC values.
An FIC index of ≤0.5, 0.5 < x < 4, or ≥4 was interpreted
as synergistic, additive, or antagonistic, respectively.

Time-kill kinetics assay

The kinetics of bacterial killing was evaluated as previously
described [34] with minor modifications. Overnight grown
bacterial culture was diluted in saline to 0.5 McFarland
turbidity followed by further 1:50 dilution in LB broth. The
cell culture was incubated at 37 °C with either colistin,
salicylanilide or combinations thereof at desired con-
centrations, to result in sets of culture tubes per designated
time intervals. Then, a 100 µl aliquot was obtained from
each tubes at specified time interval and plated on LB agar
plates following serial dilution in phosphate-buffered saline
(pH 7.2). Bacterial colonies were counted from the plates
after incubation for 18 h at 37 °C.
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