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In vitro pharmacodynamics of a danofloxacin plus colistin 
combination against multidrug-resistant (MDR) 

Escherichia coli isolated from animals
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Abstract
As an alternative antimicrobial combination, danofloxacin+colistin was used for the inhibition of multidrug resistant E.coli. After evaluation 

of interaction between the drugs by fractional inhibitory concentration tests and time kill assays, antimicrobial activity of the combination 

was showed by in vitro pharmacodynamics tests (minimum bactericidal concentration and mutant prevention concentration). Post-antibiotic 

and post-antibiotic sub-MIC effects were also determined in this study. In synergism tests, danofloxacin+colistin was found highly synergistic 

(%87) against E.coli isolates from animal origin. The combination exerted bactericidal activity against all E.coli isolates and individual bacteri-

cidal activity of each compound was lower than the combination. The combination reduced mutant prevention concentration of danofloxacin 

and colistin up to 32 –fold. Post-antibiotic sub-MIC effects of the combination at all sub-MIC concentrations were significantly longer than 

the post-antibiotic effects of combination (p < 0.001), danofloxacin (p < 0.001) and colistin (p < 0.001). The results of this study showed that 

danofloxacin+colistin combination can be reserved as an alternative drug combination against MDR E.coli in veterinary medicine.
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Introduction

Multidrug resistant (MDR) Escherichia coli (E.coli) is im-
portant for public health due to high risk for the treatment 
of infectious diseases at available dosage regimens.1 To 
combat with MDR E.coli is one of the most challenging 
problems in infectious diseases.2 In cases involving a lack 
of effective agents, antimicrobial combinations can be used 
for the treatment of infectious diseases causing by resistant 
strains.2 For instance, polymyxins induce rapid chang-
es in the permeability of the cytoplasmic membrane of 
Gram-negative bacilli, thereby other antimicrobial agents 
can enter into the cell.3,4 Therefore, colistin (CST) can be 

used in combination with other antibiotics to achieve a 
synergistic effect.5 In veterinary medicine, CST is individ-
ually used for the treatment of infections caused by En-
terobacteriaceae in various animals. The use of CST in ani-
mals can select for CST resistant Enterobacteriaceae which 
have the potential to be transmitted to humans. Therefore, 
CST sales for use in animals should be reduced. 6 Decades 
of CST use in veterinary medicine have not been associ-
ated with increased resistance prevalence in E.coli isolat-
ed from animals.7 However, the plasmid-mediated CST 
resistance gene (mcr-1) creates a new threat due to the 
transferability of CST resistance between bacterial strains 
and species.8 Fluoroquinolones (FQs) are synthetic anti-
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microbials that exhibit a concentration-dependent bacteri-
cidal effect by inhibiting bacterial topoisomerase enzymes. 
Danofloxacin (DAN) is a synthetic second-generation FQ 
with broad-spectrum antibacterial activity and is used in 
the treatment of respiratory disease in few animal species.9

There are some reported drug interactions between FQs 
and CST that have significance in human medicine. For 
instance, the CST-ciprofloxacin (CIP) combination thera-
py was found efficient against MDR P. aeruginosa and K. 
pneumoniae strains.5,10 A synergistic or indifferent effect 
between CST and levofloxacin (LVX) was also observed 
in vitro and in vivo against CST-susceptible A. baumannii 
strains.11 

Based on the EMA/CVMP/261180/2012 Guideline, the 
data required to demonstrate the therapeutic efficacy of 
an antimicrobial agent include minimum inhibitory con-
centration (MIC), minimum bactericidal concentration 
(MBC) and kinetics of bacterial killing, fractional inhib-
itory concentration (FIC) and other pharmacodynamic 
variables such as post-antibiotic effect (PAE) and post-an-
tibiotic sub-minimum inhibitory concentration effect (PA-
SME). Mutant prevention concentration (MPC) testing 
provides practical information on the drug concentrations 
necessary to restrict mutant growth.12 The PAE is defined 
as the length of time that bacterial growth is suppressed 
following limited exposure to an antibiotic.13 PA-SME 
is defined as the time interval that includes the PAE plus 
the additional time during which growth is suppressed by 
sub-MICs. The objective of this work was to investigate 
possible interaction between DAN and CST against MDR 
E.coli, and to collect pharmacological data in order to show 
antimicrobial activity of the potential combination by per-
forming in vitro pharmacodynamics tests. 

Material and methods
Bacterial strains
For this study, six representative isolates with animal origin 
were chosen from different patterns based on resistance 
profile and genotype. The susceptibility profiles of the E.co-
li isolates were given in Table 1. Five of the six E.coli isolates 
had MDR profile. E.coli ATCC25922 and E.coli AG100 
were used as control strain.

Fractional inhibitory concentration index (FICI)
The FICIs of the DAN and CST combinations were deter-
mined using the checkerboard method.14 Dilutions ranging 
from 1/32xMIC to 4xMIC were tested for each antimicro-
bial. The FICI was interpreted as follows: FICI ≤ 0.5 = syn-
ergy; FICI > 4.0 = antagonism; FICI   0.5-4 = indifference/

additive. FIC index/indices were calculated as follows:
FICA = MIC drug A in combination / MIC drug A alone
FICB = MIC drug B in combination / MIC drug B alone
FIC index / ΣFIC = FICA + FICB

Time-kill experiments
Time-kill experiments were performed as described previ-
ously.15 Synergy was defined as a ≥ 2 log10 decrease in the 
colony count at 6 or 24 h with the combination treatment 
compared with the initial inoculum. The drug combina-
tion was considered to be antagonistic if there was a ≥ 2 
log10 increase in cfu/ml, and a < 2 log10 change in cfu/ml 
was interpreted as indifference. 

Minimum bactericidal concentration (MBC)
The MBCs of the antimicrobials and the combination 
were determined using broth microdilution method as de-
scribed previously by Hansen and Bloundeau.16 Overnight 
cultures of E.coli isolates were inoculated in Mueller-Hin-
ton Broth (MHB) containing antimicrobials and combina-
tion in the range of 1-16 x MIC/FIC, and incubated at 37 
°C for 16-20 h. The MBC was the lowest concentration that 
inhibits 99.9% of the culture and determined by plating 
100 μl of sample onto Tryptic Soy Agar (TSA).

Mutant prevention concentration (MPC)
The MPCs of the antimicrobials and the combination were 
determined as described previously by Blondeau et al.16 

Briefly, each E.coli isolate and control strain was freshly 
grown from stock stored at -25°C. Strains were incubat-
ed overnight at 37°C in 100 ml of MHB, after which the 
cultures were centrifuged at 9000 rpm for 15 minutes. The 
supernatant was discarded and pellet was resuspended in 3 
ml of MHB to achieve > 1010 cfu/ml. A 100 µl aliquot of this 
culture was used to inoculate plate count agar plates con-
taining serial dilutions of the antimicrobials or the com-
bination. The plates were incubated at 37°C for 72 h and 
examined every 24 h for growth of E.coli. The MPC was 
determined as the concentration that allowed no growth 
of bacteria at the end of the 72-h incubation. Each experi-
ment was conducted in duplicate. 

The mutant selection window (MSW) was determined as 
the concentration difference of drug between MIC and 
MPC. The mutant prevention index (MPI) was defined as 
MPC:MIC ratio.  

Post-antibiotic effect and post-antibiotic sub-MIC effect
An inoculum of approximately 5x107 cfu/ml was exposed 
to each drug (alone or combination) at concentrations of 
1xMIC and 4xMIC for 1 h at 37ºC in a shaking incubator, 
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followed by washout, centrifugation and resuspension in 
10 ml of MHB and incubation at 37ºC, as described previ-
ously.17 Growth was monitored hourly for 6 h by perform-
ing serial dilutions, and determining cfu of the sample per 
milliliter on Mueller-Hinton Agar (MHA). The PAE was 
measured by using the equation PAE (in hours) = T - C, 
where T is the time required for the treated organisms to 
grow 1 log unit and C is the time needed for the organisms 
with no drug exposure to grow 1 log unit, as described pre-
viously.13  

In cultures designated for PA-SME, the PA-phase E.coli 
isolates were exposed to different sub-MICs (0.1, 0.2 and 
0.3xMIC) of each drug (alone or combination). All samples 
were incubated in at 37°C in a shaking incubator and the 
growth of all cultures was monitored by determining cfu, 
as described above for PAE. The PA-SME was calculated by 
using the equation PA-SME (in hours) = TPA - C, where TPA 
is the time required for sub-MIC-treated PA-phase organ-
isms to grow 1 log unit and C is the time required for con-
trol organisms to grow 1 log unit, as described previously.13

Statistical analysis
The statistical analysis was conducted using SPSS Statistics 
22. One-way ANOVA followed by LSD multiple compari-
sons test was performed to examine the change in PAE and 
PA-SME values of drug concentrations alone and in com-
bination. p < 0.05 was considered statistically significant. 

Results
The FIC values of DAN+CST combination for MDR E.co-
li isolates are shown in table 1. The FICIs were found in 
the range of 0.15-2.03. The incidence of synergy and indif-
ference was 83% and 17%, respectively. Antagonism was 
not detected for any of E.coli isolates by the checkerboard 
method.

The results of time-kill assays are shown in table 1. At the 
6 h incubation time point, the combination therapy result-
ed in a ≥ 3 log10 reduction in viable counts against 5/6 
MDR E.coli isolates, and bactericidal synergic activity was 
observed (figure 1). Antagonism was observed only for 
E.coli E222, which has two mutations in gyrA. At the 24 
h incubation time point, DAN+CST combination exerted 
antagonism against 5/6 MDR E.coli isolates and synergistic 
activity was observed only for the most susceptible isolate, 
E.coli E175 (figure 1). Regrowth was observed at 24 h for 
5/6 MDR E.coli isolates.

The MBC values are shown in table 2. The lowest MBC 
(0.064 μg/ml) was recorded for the most susceptible iso-
late, E.coli E175.  The MBC values for the rest of the E.coli 
isolates were 4 or 8 μg/ml. The MBCs of CST ranged from 2 
to 128 μg/ml. Based on the MBC:MIC ratios, antimicrobial 
effect was interpreted as bactericidal (MBC:MIC/FIC=1-
4) or bacteriostatic (MBC:MIC/FIC ≥ 8). The bactericidal 
effect rates of DAN, CST and DAN+CST were 100%, 66% 
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Figure 1. Time-kill curve of danofloxacin+colistin combination against MDR E.coli isolates and control strains
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and 66%, respectively. 

The MPC values are shown in table 2. The MPCs of DAN 
alone ranged from 0.512 μg/ml to 32 μg/ml, and from 
0.016 μg/ml to 4 μg/ml in combination. The MPCs of CST 
alone ranged from 32 μg/ml to 256 μg/ml, and from 16 μg/

ml to 64 μg/ml in combination. DAN+CST reduced MPCs 
of DAN by 4- to 32- fold and MPCs of CST by 2- to 4- fold. 
MSW concentrations of DAN+CST were up to 1000-fold 
lower than those for DAN alone (table 2). The combina-
tion reduced MSW concentrations of CST up to 8-fold. 
DAN+CST increased MPIs of DAN and CST by 2- to 8- 

Table 2

Table 3
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fold, except two E.coli isolates (E175, E245) with lower 
MPIs of DAN+CST than those CST alone. 

The PAE and PA-SME results for each antimicrobial alone 
and in combination for each strain are shown in table 3. 
The mean PAE values for DAN and CST alone at 1xMICs 
were 1.3 h and 2.2 h, respectively. The mean PAE value 
of DAN+CST against E.coli isolates was 2.7 and slightly 
higher than the antimicrobials alone. There is no signifi-
cant difference between PAEs of the antimicrobials alone 
at 1xMIC and 4xMIC. PA-SMEs of CST at 0.3xMIC were 
significantly longer than its PAE at 1xMIC (p < 0.028). PA-
SMEs of DAN+CST at all sub-MIC concentration were sig-
nificantly longer than the PAEs of DAN+CST at 1xMIC (p 
< 0.001), DAN at both 1xMIC and 4xMIC (p < 0.001, p < 
0.001), and CST at 1xMIC (p < 0.001).

Discussion
Effective treatment of infectious diseases is difficult in case 
of emergence of antimicrobial resistance in bacterial popu-
lation and as a consequence of this situation the morbidity 
and mortality increases. The incidence of infections caused 
by MDR Gram-negative bacteria has increased worldwide 
over the last decade.18 For instance, E.coli and K. pneumo-
niae isolates were frequently resistant to at least one of the 
antimicrobials tested or had combined resistance against 
main antimicrobial groups (third-generation cephalospo-
rins, FQs and aminoglycosides).7 Therefore, restoring the 
efficacy of available antimicrobials against Gram-negative 
bacteria has become increasingly important. 

By checkerboard method, DAN+CST combination ex-
hibited synergistic activity against five of the six E.coli 
isolates with 0.15-0.50 FICI. As a similar combination, 
CIP+CST was effective in treatment of infections caused 
by Gram-negative bacilli and Staphylococcus aureus.19 
D’Souza et al.5 also reported that CIP+CST showed mostly 
synergistic effect against P. aeruginosa in the checkerboard 
tests. Wei et al. observed that LVX+CST showed synergis-
tic activity against blaOXA-23 and blaOXA-51 positive Acineto-
bacter baumannii clinical isolates with 0.37 FICI.11 After 
6 h of exposure in time-kill assays, DAN+CST had syner-
gistic activity against five of six E.coli isolates as observed 
in checkerboard tests. In contrast to this, antagonism was 
detected at 24 h for five of the six E.coli isolates by the time-
kill method. MICs were reduced 16-64-fold for DAN and 
2-fold for CST in the combination, and were below the 
clinical breakpoint of individual compound. High synergy 
incidence can be explained by either E.coli isolates used in 
this study were at susceptibility borderline or rapid perme-
abilization of the outer cell membrane caused by CST that 

allows enhanced penetration and activity of DAN. There 
was no significant correlation between resistance determi-
nants and interactions of antimicrobials in the combina-
tion as reported previously by D’Souza et al.5 DAN+CST 
combination was synergistic against only susceptible E.coli 
isolates while antagonism was observed for gyrA-, parC- 
and oqxB-containing MDR E.coli isolates by time-kill as-
says. 

MBC enables to determine the inhibitor or killing potential 
of antimicrobials on bacterial population and provides fun-
damental data to predict bacteriostatic/bactericide effect 
of antimicrobials.20 MBC test results are mostly similar to 
time-kill assay results. In contrast to this, bactericide-syn-
ergistic effect of DAN+CST at 6 h of time-kill assays was 
greater than the same effect in the MBC tests. Antimicrobi-
al combinations reduce the MBCs of individual compound 
and thus effective therapy can be provided with lower con-
centrations of antimicrobials.21 In the present study, MBCs 
of DAN in the combination was up to 128-fold lower than 
DAN alone. Antimicrobial activity was defined as bacteri-
cidal and bacteriostatic for MBC/MIC ratios 1-4 and ≥ 8, 
respectively.22 In the present study, DAN alone exerted bac-
tericidal activity against all E.coli isolates while CST alone 
and DAN+CST showed bactericidal activity against 4 of six 
E.coli isolates. 

The MPC was defined as the lowest antimicrobial concen-
tration that prevented the visible growth of mutant colonies 
and a measure of antibiotic potency.23 MPCs were expected 
to be below the clinical breakpoints for an effective anti-
microbial treatment.24 MPCs of DAN in the combination 
were below the clinical breakpoints for four of the six E.coli 
isolates. However, MPCs of CST in the combination were 
not below the clinical breakpoints for any of E.coli isolates 
in this study. MPIs of the DAN+CST ranged from 8 to 64 
for the E.coli isolates. Zhanel et al.25 reported that the MPI 
for LVX alone was 4 to 8 for P. aeruginosa; when a CST was 
used in combination with LVX, the MPI of the combina-
tion treatment showed a 4- to 8-fold decrease. Cai et al.26 
showed that the MPI of CST tested alone was 64 or > 64 
for CST-susceptible MDR A. baumannii, and following the 
addition of LVX at relatively low concentrations, the MPI 
showed a 4- to 8-fold decrease, and CST-resistant A. bau-
mannii were not selected. In contrast to this, DAN+CST 
did not decrease the MPIs of the antimicrobials alone and 
even an increase of MPI was detected for one isolate (E.coli 
E222). In the present study, MPC of DAN in the combina-
tion was 0.016 μg/ml for the susceptible E.coli isolate and 
ranged from 1 to 4 μg/ml for gyrA mutation containing-E.
coli isolates. The highest MPI of DAN+CST was 64 μg/ml 
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and detected for double mutations-containing E.coli isolate 
in gyrA gene. Resistance determinants such as gyrA muta-
tions and qnr genes can increase MPCs of antimicrobials 
up to 8-fold depending on the presence of resistance deter-
minant alone or together.27    

The PAE is dependent on the concentration of antimicro-
bial, the exposure time, the bacterial species/strain and the 
antimicrobial used for PAE test. Aminoglycosides, FQs and 
protein-synthesis inhibitors have longer PAE times.13 In 
this study, the mean PAE of DAN (1.3 h) against resistant 
E.coli isolates was found slightly higher than PAEs of FQs 
(0.29-0.32 h) reported by Harada et al.28 The mean PAE 
of CST (2.2 h) at 1xMIC was shorter than 3.9 h reported 
previously for multidrug-resistant A. baumannii.29 There 
was no statistically difference between PAEs at 1xMIC and 
4xMIC in the present study. The mean PAE value of DAN 
plus CST against E.coli isolates was 2.7 and slightly higher 
than the antimicrobials alone. However, this increase was 
not found statistically meaningful. As reported previous-
ly, the use of antibiotics in combination with CST at MICs 
increased the duration of PAE when tested alone, this in-
crease has not been statistically meaningful.30 In the oth-
er hand, the results of this study showed that PAEs of the 
combination at sub-MICs were significantly longer than 
PAEs of the antimicrobials alone.   
 
Conclusions
In conclusion, DAN+CST combination was found syner-
gistic against MDR E.coli in FIC tests and in the first sam-
pling time of time-kill assays.  In addition, the combination 
exerted bactericidal activity on all MDR E.coli isolates test-
ed. Lower MPC and narrow MSW values showed that the 
emergence of resistant sub-populations was significantly 
reduced by DAN+CST combination. The other beneficial 
contribution of the combination was that PA-SME times 
were significantly prolonged at all sub-MIC concentrations 
tested. The data provided from this study showed that 
DAN+CST can be considered as a reserve drug combina-
tion against MDR E.coli isolates causing various import-
ant infectious diseases in veterinary medicine. However, in 
vivo studies needed to be performed for establishing a bet-
ter correlation between in vitro studies and clinical effects 
of the combination.    
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