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In vitro synergy of b-nitrofurans, vancomycin and sodium
deoxycholate against Gram-negative pathogens
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Abstract

Introduction. There is an urgent need for effective therapies against bacterial infections, especially those caused by antibiotic-
resistant Gram-negative pathogens.

Hypothesis. Synergistic combinations of existing antimicrobials show promise due to their enhanced efficacies and reduced
dosages which can mitigate adverse effects, and therefore can be used as potential antibacterial therapy.

Aim. In this study, we sought to characterize the in vitro interaction of b-nitrofurans, vancomycin and sodium deoxycholate
(NVD) against pathogenic bacteria.

Methodology. The synergy of the NVD combination was investigated in terms of growth inhibition and bacterial killing using
checkerboard and time-kill assays, respectively.

Results. Using a three-dimensional checkerboard assay, we showed that 5-nitrofurans, sodium deoxycholate and vancomycin
interact synergistically in the growth inhibition of 15 out of 20 Gram-negative strains tested, including clinically significant
pathogens such as carbapenemase-producing Escherichia coli, Klebsiella pneumoniae and Acinetobacter baumannii, and interact
indifferently against the Gram-positive strains tested. The time-kill assay further confirmed that the triple combination was
bactericidal in a synergistic manner.

Conclusion. This study demonstrates the synergistic effect of 5-nitrofurans, sodium deoxycholate and vancomycin against
Gram-negative pathogens and highlights the potential of the combination as a treatment for Gram-negative and Gram-positive
infections.

INTRODUCTION

Antimicrobial resistance that renders existing antimicrobial
therapies ineffective poses a significant threat to public health
with an enormous social and economic burden globally. The
issue is particularly more severe with regard to Gram-negative
bacterial pathogens than their Gram-positive counterparts
because the former group is inherently resistant to many
antimicrobial agents due to a highly impermeable outer

that are deemed critical: carbapenem-resistant Acinetobacter
baumannii, Pseudomonas aeruginosa and Enterobacteriaceae.
As multidrug resistance continues to emerge and spread
globally, and with the current clinical development pipeline
insufficient to keep pace [3], this problem needs to be rectified
through alternative strategies. In this study, we propose the
revival of ‘old’ drugs by employing them in novel synergistic
antibacterial combinations.

membrane and a range of powerful efflux pumps [1]. This is
reflected in the World Health Organization (WHO)’s list of
priority pathogens, against which research and development
of new antibiotics is urgently needed [2]. The majority of
these pathogens are Gram-negative bacteria, including three

One such example of ‘old’ drugs are 5-nitrofurans, a broad-
spectrum class of antibacterials. Although they have had a
controversial past due to their mutagenicity and carcino-
genicity [4, 5], they remain effective, have low prevalence
of resistance [6-10] and are still clinically used today. The
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5-nitrofuran class of antibacterials includes commercially
available furazolidone (FZ), nitrofurantoin (NIT) and
nitrofurazone (NFZ). FZ is used to treat diarrhoea and as
a component of combination therapy against Helicobacter
pylori, NIT to treat urinary tract infections, and NFZ as a
topical treatment for burns and wounds [11].

The glycopeptide vancomycin (Van) is another ‘old’ antibiotic
that is clinically used to treat Gram-positive infections. However,
due to its toxicity [12-14] and complications with its intravenous
administration [15], it is not a first-choice antibiotic. Over the
past few years, new glycopeptides with lipophilic substituents,
termed lipoglycopeptides, have been developed and introduced
to the market. They include telavancin, dalbavancin and orita-
vancin [16]. Having lipophilic side-chains and other modifica-
tions give these drugs better antimicrobial properties and safety
profiles compared to Van [17]. The glycopeptide antibiotics exert
their antibacterial activity by inhibiting peptidoglycan synthesis
[18]. Large molecule size (21449 Da) prevents the passage of
glycopeptides across the Gram-negative outer membrane,
blocking their access to the target and rendering them ineffec-
tive against this group of organisms at sub-toxic concentrations.

Sodium deoxycholate (DOC) is a secondary bile salt, playing
important roles in lipid digestion, intestinal homeostasis and
antimicrobial protection [19, 20]. Gram-negative bacteria
have evolved resistance to DOC through mechanisms such as
preventing the accumulation of DOC inside the cells by expul-
sion mediated by multidrug efflux pumps [21-23], and acti-
vation of stress responses including DNA repair mechanisms
[24, 25].

Having identified pairwise synergies between nitrofurans
and DOC [26], and between nitrofurans and Van in a high-
througput screen of 180000 small molecules that included
known antibiotics (J. Spagnuolo, E. Glickman and J. Rakonjac,
2012, unpublished data) and in light of a published nitrofuran-
toin-Van synergy against Escherichia coli [27] we explored
whether combining these three antibacterials will further
decrease the inhibitory concentration of individual compo-
nents. We now demonstrate the in vitro three-way synergy of
5-nitrofurans, Van and DOC (NVD) in growth inhibition and
killing of a range of clinical Gram-negative pathogenic isolates,
including multidrug-resistant and carbepenemase-producing
enterobacteria for which new therapies are urgently needed
[2]. To explore the possibility of also using the combination in
treating WHO priority Gram-positive pathogens, the interac-
tion was also evaluated in Gram-positive bacteria, such as
methicillin-resistant Staphylococcus aureus.

METHODS
Bacterial strains and growth conditions

All bacterial strains used in this study are listed in Table 1. The
bacterial cell cultures were grown in trypticase soy agar at 37
°C. For Staphylococcus, Streptococcus and Pasteurella strains,
the growth medium was further supplemented with 5% sheep
blood. Cation-adjusted Mueller Hinton II broth (Becton-
Dickinson) was used in checkerboard and time-kill assays.

Because 5-nitrofuran stocks were made in DMSO, final DMSO
concentrations for all treatments and controls in the following
assays were maintained at 1%.

Susceptibility testing

The broth microdilution assay for antimicrobial susceptibility
was performed according to the Clinical and Laboratory Stand-
ards Institute (CLSI) guidelines [28] in a 384-well plate format.
Each well contained 5x10° c.fu. ml™' at exponential growth
phase, 1% DMSO, and the antimicrobial at specific concentra-
tions prepared by two-fold serial dilutions, in a total volume of
50 pl. Each treatment was performed in triplicate. The plate was
incubated at 37 °C for 18 h for enterobacteria and Staphylococcus
and 24 h for Acinetobacter and Streptococcus as recommended
by the CLSI guidelines [28]. The optical density at 600 nm was
measured to assess growth inhibition [29]. The MIC is defined
as the concentration that inhibits at least 90% of growth at the
endpoint.

Checkerboard assay

The synergy between the test antimicrobials was examined
using a growth inhibition three-dimensional (3D) checkerboard
microdilution assay in 384-well plates according to the CLSI
guidelines [28]. Two-fold dilutions with a concentration range
of 2x MIC to 0.06x MIC of the antimicrobials and exponential-
phase bacteria were prepared in BBL cation-adjusted Mueller
Hinton IT broth (Becton-Dickinson). Each well contained 5x10°
c.fu. ml™, 1% DMSO and the antimicrobials in a total volume
of 50 pl. Each plate was incubated at 37 °C for the required
time according to CLSI guidelines, and the optical density at 600
nm was measured to quantify growth [29]. Each combination
of concentrations was performed in triplicate and the mean
growth inhibition was used to determine MIC values which
correspond to concentrations of combinations that result in
at least 90% of growth inhibition [29]. For most of the strains
tested, FZ was used as a representative of the 5-nitrofurans in
the checkerboard assays.

The fractional inhibitory concentration index (FICI) was
calculated using the equation [30]:

_ MICSrnilmfumn(com) MICDOC(com) MICVan(com)
FICI= MICs.nitrofuran(alone) + MICpoclone) + MICvan(alone)

Whel'e MICS—nitrofuran(com)’ MICDOC(com) and MICVan(com) iS the MIC

of 5-nitrofuran, DOC or oxgall bile salts, and Van or lipogly-
copeptides (dalbavancin or oritavancin) when used in combi-
nation’ and MICS—nitrofuran(alone)’ MICDOC(alone) and MICVan(alone) is
the MIC when used alone. Using the lowest FICI, the interac-
tions were interpreted as synergistic if FICI<0.5, indifferent if

0.5<FICI<4.0 and antagonistic if FICI>4.0 [31].

Time-kill assay

Exponentially growing bacterial cultures were prepared at 5x10°
c.f.u. ml™ and treated with individual antimicrobial agents (FZ,
DOC, Van) or combinations thereof at specified concentra-
tions in a final volume of 10 ml. The cultures treated with 1%
DMSO were included as vehicle controls. Each treatment was
performed in triplicate. The bacterial cultures were incubated at
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Table 1. Bacterial strains used in this study

Strain

Genotype/description

Source

E. coli ATCC 25922

E. coli K12 strain K1508

E. coli ERL034336

E. coli UPEC P191

E. coli NZRM 4402

E. coli NZRM 4364

E. coli NZRM 4457

E. coli NZRM 4524

Citrobacter gillenii PMR001

Klebsiella pneumoniae PMRO01

Klebsiella pneumoniae NZRM 4387

Klebsiella pneumoniae NZRM 4412

Klebsiella pneumoniae NZRM 4498

Salmonella enterica LT2

Salmonella enterica NZRM 4533
Shigella dysenteriae 1015
Acinetobacter Iwoffi NZRM 1218
Acinetobacter baumannii NZRM 3697
Acinetobacter baumannii NZRM 4408
Pasteurella dagmatis NZRM 959
Staphylococcus aureus NZRM 3478
Staphylococcus aureus NZRM 4315

Staphylococcus aureus NZRM 4548

Staphylococcus aureus NZRM 4549

Streptococcus pneumoniae NZRM
2764

Streptococcus pyogenes NZRM 4366

Antibiotic susceptibility reference/quality control strain

MC4100 [F araD~ Alac U169 relA~ thiA rpsL (Str®)]
AlamB106

0157, human isolate

Isolate from a feline urinary tract infection

Plasmid-mediated AmpC f-lactamase-producing (CMY-2)

Carbapenemase (IMP-4) producing. Human isolate from
hospital outbreak (Melbourne, Australia)

NDM-1 metallo-$-lactamase-producing

Verotoxin-producing E. coli (VTEC)
Serotype 045: H Rough

Isolate from a municipal sewage processing (water
purification) plant, Palmerston North, NZ

Isolate from a municipal sewage processing (water
purification) plant, Palmerston North, NZ

Beta-lactamase-producing. SHV-11, TEM-1, CTX-M-15

Klebsiella pneumoniae carbapenemase-producing

OXA-181 carbapenemase-producing

Type strain, S. enterica subsp. enterica, serovar
Typhimurium

Human isolate (NZ)

Type strain

Knee wound isolate (NZ)

Human isolate from outbreak (Christchurch, NZ)

OXA-27 carbapenemase-producing

Isolate from a feline oral cavity

Methicillin-resistant. human wound isolate (Auckland, NZ)
Human wound isolate. Erythromycin (ermA) resistant

WR/AKI strain. Panton-Valentine-leukocidin (PVL)-
positive methicillin-resistant. Human isolate (NZ)

AK3 methicillin-resistant. Human isolate (NZ)

Susceptibility testing control

Exotoxin positive control

ATCC 25922; NZRM 916*
(41]
Dr Ann Midwinter, School of Veterinary Sciences, Massey
University, Palmerston North, New Zealand (NZ)

New Zealand Veterinary Pathology (NZVP) diagnostic labs,
Palmerston North, NZ

NZRM 4402

NZRM 4364

ARL09/232 [42]; NZRM 4457

NZRM 4524

(26]

(26]

NZRM 4387

ATCC BAA-170;
NZRM 4412

NZRM 4498

ATCC 43971

NZRM 4533

ATCC 13313; NZRM 1015
NZRM 1218
NZRM 3697

NCTC 13304; NZRM 4408
NZRM 959
NZRM 3478

ATCC BAA-977; NZRM 4315

NZRM 4548

NZRM 4549

CDC 78-008107; NZRM 2764

NZRM 4366

*NZRM, The New Zealand Reference Culture Collection: Medical Section.

37 °C with shaking at 200 r.p.m. At time points 0, 2, 4, 6, 8, and
24 h, 500 pl was sampled from each culture and centrifuged at
10000 g for 1 min. The pellet was then resuspended in 100 ul of
the maximum recovery diluent (0.1% peptone, 0.85% NaCl),
and 10-fold serial dilutions were drop-plated (10 pl) on 2xYT

agar. Plates were incubated at 37 °C overnight before counting
colonies. The limit of detection is 60 c.£u. ml™" or 1.78 log,  c.fu.
ml™". The synergy of the combination was defined as a >2log |
decrease in the cell count (c.f.u. ml™") compared to the most
potent single drug at 24 h.
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Table 2. MICs against Gram-negative pathogens

MIC (ug ml™)

Strain FZ DOC Van NIT NFZ
E. coli ATCC 25922 1.25 80000 500 16 8
E. coli K1508 1.25 >80000 250 16 8
E. coli ERL034336 1.25 80000 250 16 8
E. coli UPEC P191 1.25 80000 250 16 8
E. coli NZRM 4364 0.25 >80000 125 NT NT
E. coli NZRM 4402 0.625 40000 500 NT NT
E. coli NZRM 4457 >128 80000 250 128 64
E. coli NZRM 4524 1.25 80000 500 NT NT
C. gillenii PMRO001 5 80000 500 16 16
K. pneumoniae PMRO01 1.25 80000 1000 64 32
K. pneumoniae NZRM 4387 2.5 80000 2000 NT NT
K. pneumoniae NZRM 4412 32 80000 2000 >128 128
K. pneumoniae NZRM 4498 16 >80000 2000 >128 64
Salmonella enterica sv. Typhimurium LT2 25 40000 500 16 8
Salmonella enterica NZRM 4533 2 80000 1000 32 8
Shigella dysenteriae NZRM 1015 4 >80000 250 8 8
A. Iwoffi NZRM 1218 16 40000 62.5 NT NT
A. baumannii NZRM 3697 32 80000 125 NT NT
A. baumannii NZRM 4408 >128 80000 250 >128 32
P. dagmatis NZRM 959 2 1250 31.25 4 4

FZ, furazolidone; DOC, sodium deoxycholate, Van, vancomycin; NIT, nitrofurantoin; NFZ, nitrofurazone; NT, not tested.

RESULTS

Synergy of 5-nitrofurans, Van and DOC against
Gram-negative bacteria

Growth-inhibition checkerboard assays were performed to
evaluate the synergy between 5-nitrofurans, Van and DOC
against a range of Gram-negative bacteria. The MICs for
these antibacterials were determined according to the CLSI
guidelines and are summarized in Table 2. As a proof of
concept that the 5-nitrofuran drug, as an antibacterial class, is
synergistic with Van and DOC, we evaluated the antibacterial
effect of combinations of these two agents with either of the
three 5-nitrofurans (FZ, NIT and NFZ) in a checkerboard
assay against the reference strain E. coli ATCC 25922. We
found that all the three 5-nitrofurans were synergistic with
DOC and Van, with FICIs ranging from 0.11 to 0.15 (Fig. S1).

Among the 5-nitrofurans included in this study, FZ was the
most potent against the strains tested (Table 2). Therefore,
we chose FZ as a representative of the 5-nitrofurans in the
expanded strain profiling by checkerboard and time-kill assays.
The FICIs for the two-drug and three-drug combinations of

FZ, Van and DOC are listed in Table 3. For some of the strains,
where the MIC could not be determined, the FICI was calcu-
lated using the highest tested concentration. In this case, the
actual FICI would be lower than the calculated value, and for
some strains, it may not be possible to classify an interaction
when the calculated FICI is bordering between synergistic
and indifferent, such as in E. coli NZRM 4457. With the 20
Gram-negative bacterial strains tested, the FZ, Van and DOC
combination was synergistic against 15 strains, indifferent
against four strains (S. Typhimurium LT2, K. pneumoniae
PMRO01, K. pneumoniae NZRM 4412 and P. dagmatis NZRM
959), and unable to be classified as synergistic or indifferent
against one strain (E. coli NZRM 4457). Of importance is the
synergy of the combination against some of the WHO critical
priority pathogens, namely carbapenemase-producing E. coli
NZRM 4364 and Acinetobacter baumannii NZRM 4408, and
extended-spectrum f-lactamase-producing K. pneumoniae
NZRM 4387 (Table 3).

To further investigate the interaction between FZ, Van and
DOC in terms of bacterial killing, we performed time-kill
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Table 3. FICI values for the two-drug and three-drug combinations of furazolidone, vancomycin and sodium deoxycholate

FICI

Strain FZ+DOC FZ+Van DOC+Van FZ+Van+DOC
E. coli ATCC 25922 0.16 0.75 0.52 0.11
E. coli K1508 <0.50 0.75 <1.02 <0.13
E. coli ERL034336 0.27 0.50 1.01 0.30
E. coli UPEC P191 0.19 0.75 0.28 0.17
E. coli NZRM 4364 <0.31* 0.9 <0.52% <0.35*
E. coli NZRM 4402 0.19 0.74 0.23 0.19
E. coli NZRM 4457 <0.75% <1* 1 <0.54*
E. coli NZRM 4524 0.19 0.35 0.53 0.17
C. gillenii PMRO001 0.17 0.5 1 0.27
K. pneumoniae PMR0O01 1 0.53 1 0.51
K. pneumoniae NZRM 4387 0.31 0.63 1 0.28
K.pneumoniae NZRM 4412 1 1 0.53 0.54
K. pneumoniae NZRM 4498 <0.52* 0.38 <1* <0.26*
Salmonella enterica sv. Typhimurium LT2 0.31 0.56 1 0.53
Salmonella enterica NZRM4533 0.38 0.5 1 0.27
Shigella dysenteriae NZRM 1015 <0.25* 0.5 <0.52* <0.28*
A. lwoffi NZRM 1218 0.25 0.82 0.46 0.29
A. baumannii NZRM 3697 0.28 0.75 1 0.32
A. baumannii NZRM 4408 <0.09% 0.56 1 <0.13%
P. dagmatis NZRM 959 0.75 0.75 0.63 0.66

FZ, furazolidone; DOC, sodium deoxycholate; Van, vancomycin.

*MIC is higher than the highest tested concentration which was used to calculate the FICI, and therefore the actual FICI is lower than the

calculated value; values in bold indicate synergy (FICI<0.5).

assays on some representative pathogens for which the triple
combination showed growth inhibition synergy in the
checkerboard assay. The strains were exposed to subinhibi-
tory concentrations of FZ, Van and DOC or two-drug and
three-drug combinations of these concentrations over a time
course of 24 h. The time-kill analysis for E. coli ATCC 25922,
Shigella dysenteriae NZRM 1015, Citrobacter gillenii PMR001
and Acinetobacter baumannii NZRM 3697 is shown in Fig. 1.
The combination of subinhibitory concentrations of FZ, Van
and DOC resulted in >2log  reduction in viable cell count
after 24 h of exposure in comparison with the most active
single drug, demonstrating the synergy in the bacterial killing
of the three-drug combination in these strains. In these four
examples, the triple combination led to the extinction of the
challenged bacterial population at the end of the assay (i.e.
below the limit of detection), which was not achieved by single
drugs or double combinations at those same concentrations.

We also performed the time-Kkill assay for three multidrug-
resistant pathogens, E. coli NZRM 4364, A. baumannii NZRM

4408 and K. pneumoniae NZRM 4387. Interestingly, bacteri-
cidal synergy was still retained against these strains, although
the effect was less profound than against the drug-sensitive
strains (Fig. 2).

Indifferent interaction of FZ, DOC and Van against
Gram-positive bacteria

Van is not the first choice for the treatment of Gram-positive
infections due to its adverse effects [32]. We questioned
whether the triple combination would be synergistic against
Gram-positive bacteria, achieving eradication with a lower
dose of Van, and thus mitigating its adverse effects. To do
so, we examined the interaction between FZ, Van and DOC
against some important Gram-positive pathogens such
as Staphylococcus aureus, Streptococcus pneumoniae and
Streptococcus pyogenes using a checkerboard assay. In the six
Gram-positive strains tested, all two-drug and three-drug
combinations of FZ, Van and DOC were classified as indif-
ferent, with FICIs ranging from 0.53 to 1.05 (Table 4). The
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Fig. 1. Time-kill analysis of furazolidone (FZ), vancomycin (Van) and sodium deoxycholate (DOC) combinations in Kkilling (a) E. coli ATCC
25922, (b) Shigella dysenteriae NZRM 1015, (c) C. gillenii PMR0O01 and (d) A. baumannii NZRM 3697. The data are presented as mean+SEM
of three independent measurements. The lower limit of detection was 60 c.f.u. ml'; an asterisk (*) indicates a data point that is below
the limit of detection.
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Fig. 2. Time-Kkill analysis of furazolidone (FZ), vancomycin (Van) and sodium deoxycholate (DOC) combinations in killing carbapenemase-
producing (a) E. coliNZRM 4364 and (b) A. baumannii NZRM 4408, and (c) multidrug-resistant extended-spectrum p-lactamase-producing
K. pneumoniae NZRM 4387. The data are presented as mean+SEM of three independent measurements. The lower limit of detection was
60 c.f.u. ml™; an asterisk (*) indicates a data point that is below the limit of detection.
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Table 4. MICs and FICls for the combinations of FZ, Van and DOC against Gram-positive pathogens

MIC* (ug ml™)
Strain FZ DOC Van
Staphylococcus aureus NZRM 4 312.50 2
3478
Staphylococcus aureus NZRM 2 625 1
4315
Staphylococcus aureus NZRM 2 625 1
4548
Staphylococcus aureus NZRM 2 625 1
4549
Streptococcus pyogenes 16 156.25 0.78
NZRM 4366
Streptococcus pneumoniae 2 625 0.78
NZRM 2764
FICI
FZ+DOC FZ+Van DOC+Van FZ+Van+DOC
Staphylococcus aureus NZRM 1 1 0.81
3478
Staphylococcus aureus NZRM 1 1 0.88
4315
Staphylococcus aureus NZRM 1 1.02 1.05
4548
Staphylococcus aureus NZRM 1 1 1.03
4549
Streptococcus pyogenes 0.63 0.53 0.56
NZRM 4366
Streptococcus pneumonia 0.53 1 0.58
NZRM 2764

*MIC of antibacterials when used as monotherapy.

inhibitory concentrations of at least two out of these three
antibacterials were lower against Gram-positive bacteria than
concentrations within the Gram-negative-inhibitory triple
combination, and hence the combination would be effective
against these pathogens despite an indifferent interaction.

Interactions of bile salts mixture with FZ and Van
against E. coli

We further investigated whether a natural bile combina-
tion present in the human gut is able to aid treatment of
enterobacteria-caused gastrointestinal illness in combination
with FZ and Van. Ox gall powder from Sigma-Aldrich (Cat.
No. B3883) was reported to have bile salt ratios closest to
human bile [33] and was therefore used in this study. The
content of DOC in the ox gall powder, according to Hu et al.
[33],1s 0.09% (w/w) or 2.09 mmol kg™

The MIC of the ox gall powder for the E. coli strain ATCC
25922 was 200 mg ml™', a much higher value than that of
DOC (80 mg ml™). A checkerboard assay was performed

to investigate interactions between FZ, Van and ox gall bile
salts. In the two-way combinations of the ox gall bile salts
with FZ or Van, the FICIs were both 1.02, indicating an indif-
ferent interaction in the double combinations. The three-way
combination of ox-gall bile salts, Van and FZ led to a modest
decrease in the FICI (0.63), yet this value corresponds to an
indifferent interaction.

Interactions of lipoglycopeptides with FZ and DOC
against E. coli

Dalbavancin and oritavancin are two modified versions of
Van that have been reported to possess higher efficacy against
Gram-positive bacteria and a better safety profile than Van
[17]. Given that they share the same mechanism of action
with Van, we hypothesized that dalbavancin and oritavancin
were also synergistic with FZ and DOC in inhibiting Gram-
negative pathogens. The highest achievable concentration
of dalbavancin and oritavancin, due to limited solubility, is
200 pg ml™'. This concentration was too low to inhibit the
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growth of E. coli ATCC 25922. The combination of 200 pg
ml™! dalbavancin or oritavancin with FZ (0.04 pg ml™) and
DOC (625 pg ml™) resulted in an FICI of <1.04, indicating
indifferent interactions.

DISCUSSION

Novel effective therapies are urgently needed against Gram-
negative bacteria, in particular carbapenemase-producing
Acinetobacter baumannii and enterobacteria. The latter two
groups top the list of WHO priority pathogens for which devel-
opment of novel therapies is urgent. With the conventional
approach of small-molecule antibiotic development unable
to keep pace with the continuing emergence and spread of
multidrug resistance, alternative strategies are necessary to
expand the therapeutic space. Synergistic combinations of
currently available antibiotics show promise due to their
enhanced activity with the advantage of improved clearance
of pathogens, slowed resistance development and decreased
toxicity [34].

Van and DOC, on their own, are not effective against Gram-
negative bacteria, as evidenced by their high MICs when
applied individually. Due to the relative impermeability of the
outer membrane, large antibiotics such as Van are not able to
reach their targets in Gram-negative bacteria [35, 36]. These
bacteria have also evolved to be highly resistant to bile salts,
including DOC [37-39]. As shown in this study, a Gram-
negative-active agent, 5-nitrofuran, undermines tolerance of
these bacteria to Van and DOC, thereby allowing the use of
these antimicrobials to be expanded beyond Gram-positive
bacteria.

Because of the synergistic interaction, effective doses of the
individual drugs in the combinations have been significantly
reduced. This reduction is especially significant for drugs that
have adverse effects, such as Van and 5-nitrofurans. Decline in
the use of these drugs after their introduction to the market
is due to their toxicity. Adverse reactions of Van, including
nephrotoxicity and ototoxicity [12, 14], are partly the reasons
why this antibiotic is considered a last resort treatment for
Gram-positive infections. Similarly, 5-nitrofuran use has been
controversial due to its mutagenicity [11]. Taking advantage of
the NVD synergy and using these antibiotics in a combination
at lowered concentrations will allow the revival of these ‘old’
drugs due to the reduction or elimination of adverse effects.

In addition to testing the combination in Gram-negative
pathogens, we also investigated the drug interaction in Gram-
positive bacteria that cause skin and soft tissue infections such
as Staphylococcus aureus and Streptococcus pyogenes. Although
the three molecules are not synergistic against Gram-positive
pathogens, the individual MICs of DOC and Van are very low
in comparison with those for Gram-negative bacteria. The
combination therapy effective against Gram-negative bacteria
will therefore contain at least two molecules at concentrations
above the Gram-positive MIC and will therefore inhibit these
latter organisms. The NVD combination therapy could there-
fore be considered an alternative therapeutic option for the

Gram-positive WHO priority pathogens such as methicillin-
resistant Staphylococcus aureus. Besides these Gram-positive
bacteria, some Gram-negative pathogens, such as entero-
bacteria, can also cause skin and soft tissue infections, albeit
at lower rates compared to Gram-positive pathogens [40].
This study therefore provides evidence for the potential of
the NVD combination as a broad-spectrum treatment for
Gram-negative and Gram-positive skin infections.

Bile salts are present along the gastrointestinal tract. To
assess the potential contribution of endogenous bile salts
to NVD therapy of gastrointestinal infections, we tested the
combination of FZ, Van and a human-gut-like in vitro bile
mixture (ox gall) against E. coli and have found that this
combination interacts indifferently. These findings suggest
that components other than DOC (e.g. other bile salts) of
ox gall powder have antibacterial properties, which act only
additively with FZ and/or Van, and that the DOC content
of ox gall powder is not sufficient to result in synergy. An
important consideration, however, is that bile salts undergo
transformations such as deconjugation and dehydroxylation
along the gastrointestinal tract after they are released from
the gall bladder [20]. Therefore, ox gall powder may not be
a suitable human bile model due to under-representation of
DOC in comparison with the human intestine, where bile
salt transformations lead to a higher DOC concentration.
Notwithstanding this caveat, it can be concluded from the ox
gall experiment that for treating gastrointestinal infections,
DOC would need to be supplemented together with FZ and
Van to achieve the synergistic effect of the triple therapy.

Because the lipoglycopeptide antibiotics dalbavancin and
oritavancin have better safety profiles than Van, we sought to
expand their use beyond Gram-positive bacteria by employing
them in the triple combination instead of Van. Therefore, we
tested the combination of these lipoglycopeptides with FZ and
DOQC, and found that at the highest soluble concentration in
liquid media, dalbavancin and oritavancin are not inhibitory
to E. coli. The FICI values of these lipoglycopeptides could not
be calculated because insolubility precluded determination of
their MIC for E. coli. Using maximal soluble concentrations
as proxies, checkerboard analyses showed at least indifferent
interaction with FZ and DOC; a synergistic interaction,
however, cannot be excluded.

The variation among strains in MIC and type of interaction
between 5-nitrofurans, Van and DOC was observed in this
study. No obvious pattern in terms of individual drug MICs
can be seen that would dictate whether synergy would be
observed or not. In addition, the mechanism of the NVD
combination synergy is unknown. These reasons make it
difficult to predict whether the NVD combination will be
synergistic in a specific bacterial strain. Elucidation of the
triple synergy mechanism will help understand why the
combination is not synergistic in some of the Gram-negative
strains.

A limitation of our study is that time-kill assays were only
performed to confirm synergistic interaction identified by the
checkerboard assay. It is known that FICIs from checkerboard
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tests can differ depending on the various interpretation
criteria. This could mean that in some strains where the
combination was interpreted as indifferent, it could actu-
ally be synergistic, or vice versa. In this regard, for strains
showing borderline interactions between synergistic and
indifferent interactions by checkerboard growth inhibition
assays, further time-kill analyses are expected to define more
precisely the NVD interaction with respect to their bacteri-
cidal effect. Finally, this was an in vitro study, and the ability
of in vitro combination assays to predict clinical synergy is
unknown. In vivo studies are therefore needed to confirm the
clinical relevance of our findings.

In summary, we present here a synergistic combination of
5-nitrofurans, Van and DOC (NVD) against Gram-negative
pathogens. This synergistic interaction allows the use of anti-
microbials, such as Van and DOC, that would otherwise be
ineffective against Gram-negative bacteria.
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