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Objective: Many fluoroquinolones, such as ciprofloxacin, are used clinically. We investigated the relationship between resistance
acquisition and exposure duration in each drug through the exposure of fluoroquinolone to Escherichia coli clinical isolates in vitro.
Methods: Eleven E. coli clinical isolates were exposed to each fluoroquinolone, ie, ciprofloxacin, levofloxacin, sitafloxacin,
garenoxacin, and lascufloxacin, with the concentration of the mutant selection window for 5 days; these procedures were repeated
S-times. In addition, the DNA sequence in the quinolone-resistance determining region (QRDR) and the expression level in the drug
efflux pump acrd were analyzed to determine the resistance mechanism.

Results: Although resistant strains were not detected after 5 to 10 days of exposure to fluoroquinolone, after 25 days of exposure to
ciprofloxacin and levofloxacin, 100% and 45% of isolates acquired resistance, respectively. Due to 25 days of exposure to sitafloxacin,
garenoxacin, and lascufloxacin, MIC measurement was elevated 2- to 4096-fold for those of the parental strain, and the cross-
resistance rate to levofloxacin was 72%, 54%, and 27%, respectively. In strains with high fluoroquinolone resistance, acrd over-
expression was observed in addition to QRDR mutation.

Conclusion: In our findings, fluoroquinolone resistance was not observed in the E. coli strain after 5- to 10-days of exposure.
However, resistance acquisition was detected frequently after 15- to 25-days of exposure. Among fluoroquinolones, lascufloxacn had
the least impact on the resistance acquisition in E. coli.

Plain Language Summary: The need to combat quinolone-resistant E. coli is urgent. The resistance acquisition tendency of E. coli
varies according to the drug used. After 25 days of exposure, 45% of E. coli showed levofloxacin resistance. Lascufloxacin may have

the lowest influence on resistance acquisition to regular E. coli.

Keywords: Escherichia coli, respiratory quinolone, mutant selection window, quinolone-resistance determining region, efflux pump

Introduction

The recent increase in fluoroquinolone resistance in Escherichia coli is one of the most severe threats to public health.! In
the least surveillance, the frequency of fluoroquinolone-resistant E. coli has been reported at 22% in Europe,” 21% in the
United States,’ and 38% in Japan.* The increase of such quinolone-resistant E. coli has been attributed to the use of
fluoroquinolones. Subsequently, the guidelines of the Infectious Diseases Society of America and European Society of
Clinical Microbiology and Infectious Diseases were reviewed,” and a policy to refrain from quinolone consumption was

implemented. However, the epidemic of fluoroquinolone-resistance E. coli continues to increase.
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There are two main reasons for the expansion of drug-resistant E. coli. The first is the expansion of mobile genetic
elements across bacterial species, mediated by a plasmid including an extended spectrum of beta-lactamase. The second
is inappropriate use of antibacterial agents. Generally, a quinolone is selected as treatment for respiratory or urinary tract
infections. In addition, the on-period for respiratory infection is longer than that of urinary tract infection.® Respiratory
quinolones such as levofloxacin, sitafloxacin, garenoxacin, and lascufloxacin are sometimes used to manage respiratory
infections such as pneumonia or lung abscesses.” Thus, respiratory quinolone brands have increased recently. It is known
that the fluoroquinolone resistance mechanism is the mutation in the quinolone-resistance determining region (QRDR) of
gvrd/parC and the high expression of efflux pumps such as AcrAB. In this study, to elucidate the impact of respiratory
quinolone on the development of fluoroquinolone resistance in £. coli, we performed an in vitro challenge against E. coli
clinical isolates and analyzed QRDR DNA mutation.

Materials and Methods

Bacterial Strains and Antimicrobial Susceptibility Testing

A total of 40 E. coli clinical isolates [vaginal discharges (n=30), urine (n=6), and other (n=4)] detected in a tertiary
hospital in Japan were used in this study. The minimum inhibitory concentration (MIC) of each fluoroquinolone,
ciprofloxacin (CPFX; LKT Laboratories Inc., MN), levofloxacin (LVFX; LKT Laboratories Inc.), sitafloxacin (STFX;
Daiichi Sankyo Co., Ltd., Japan), garenoxacin (GRNX; Toyama Chemical Co., Ltd., Japan) and lascufloxacin (LSFX;
Kyorin Pharmaceutical Co., Ltd., Japan), was determined by a broth microdilution method according to CLSI
guidelines.® The decision of susceptibility was conducted using the CLSI breakpoint table M100-S30.° Namely, it was
judged that CPFX: >2 pg/mL or LVFX: >4 ng/mL had resistance.

Mutant Prevention Concentration and Mutant Selection Window by in vitro for Each

Fluoroquinolone Exposure

A total of 11 strains of 10 clinical isolates indicating susceptibility to all quinolones, and E. coli ATCC 25922 were
selected for in vitro exposure to each fluoroquinolone. Initially, mutant prevention concentration (MPC) was determined
for these 11 strains with agar dilution.'® In brief, 100 pL of bacterial suspensions with 10'® CFU were applied onto
a Mueller-Hinton agar plate containing quinolone ranging from 0.5x to 32x against their MIC. After incubation for 120
hours (ie, 5 days) at 37°C, the MPC was determined to have the lowest quinolone concentration at which no colonies
grew on the agar plate. The mutant selection window (MSW) was shown as the concentration zone from MIC to MPC.
A strain that was exposed to fluoroquinolone with half the MPC for 5 days was determined as MIC and subsequently
incubated for 5 days (total of 10 days) on the plate containing quinolone ranging from 0.5x to 32x against its MIC to
determine a second-time MPC. To expose fluoroquinolone for 25 days, these procedures were repeated by 5 times.

DNA Sequencing of QRDR and Quantification of Efflux Pump Expression

To investigate the quinolone-resistant mechanisms in the strain exposed for 25 days, genome DNA was extracted using
the InstaGene matrix (BIO-RAD). DNA sequences of gyrd, gyrB, and parC were determined by the dideoxy chain
termination method."" Furthermore, to compare the mRNA expression of the drug efflux pump gene acrd'*'? between
the parental strain and the strain exposed for 25 days, total RNA was extracted using TRI Reagent LS (Molecular
Research Center, Inc., Cincinnati, OH). The mRNA expressions were quantified by the iTaq Universal CYBR Green
One-step kit (BIO-RAD) and CFX Connect Real-Time System (BIO-RAD). The target gene expression levels were
standardized by the AACt method against the gap4 gene and displayed relative expression levels as a multiple of that of
the parental strain. The over-expression was defined as a more than 3-fold increase of expression levels.'*

Spontaneous Mutation Frequency

Spontaneous mutation frequency was measured by the standard method ascribed by Kohanski et al.'®

Bacteria were
incubated for 24 hours in the MHB with sub-MIC of fluoroquinolone. Subsequently, rifampicin-resistant, and total
bacterial counts were acquired by plating onto MHA with or without 100 pg/mL rifampicin. The mutation frequency was
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Figure | Distribution of MIC values of fluoroquinolone against Escherichia coli clinical isolates (n=40). The data shows the number of strains indicating each MIC value of

fluoroquinolone.
Abbreviations: CPFX, ciprofloxacin; LVFX, levofloxacin; STFX, sitafloxacin; GRNX, garenoxacin; LSFX, lascufloxacin.

shown as a multiple of rifampicin-resistant bacterial counts against total bacterial counts. In addition, the frequency
between a group control and a drug-exposed group was compared by an unpaired #-test.

Results

Fluoroquinolone Susceptibility of E. coli Clinical Isolates

The distribution of each quinolone MIC for 40 E. coli clinical isolates is shown in Figure 1. The MICs, / MICq, of each
quinolone was as follows: CPFX, 0.031 / 64 pg/mL; LVFX, 0.031 / 32 pg/mL; STFX, 0.031 / 1 pg/mL; GRNX, 0.063 /
32 ug/mL; LSFX, 0.25 / 32 ng/mL. Among these 40 E. coli isolates, 6 strains had high resistance with CPFX MIC >32
pg/mL. These 6 strains had four mutation points in QRDR uniformly (Table 1).

The Selection of CPFX- or LVFX-Resistant Strain Within MSW

Fluoroquinolone susceptible E. coli (n=11) had CPFX MSWs ranging from 0.016 to 0.18 ng/mL, which were displayed
in the area vastly below the CLSI breakpoint (Figure 2). After 15 days of CPFX exposure, 6 CPFX-resistant strains
(54%) were selected from MSW that expanded to 0.66—4 pg/mL. Furthermore, the CPFX-resistant rate reached 100%
with expanded MSW ranging from 4 to 21 pg/mL through 25 days of exposure. In 15 days of LVFX exposure, although

Table 1 MIC Values and Resistance Mechanisms on High Ciprofloxacin-Resistant Clinical Isolates

Strain No. MIC Value (mg/L) of QRDR Mutation acrA Expression
CPFX | LVFX | STFX | GRNX | LSFX GyrA GyrB | ParC
Ec-8 >128 32 2 32 32 S83L, D87E | E454D | S80I 0.44
Ec-18 128 64 2 64 64 S83L, D87E | E454N | S80I 0.69
Ec-20 64 64 2 16 32 S83L, D87E | E454R | S80I 0.57
Ec-22 64 32 2 32 32 S83L, D87E | E454D | S80I 1.51
Ec-28 128 16 2 16 16 S83L, D87E | E454D | S80I 0.90
Ec-29 >128 32 2 32 16 S83L, D87E | E454D | S80I 1.13

Abbreviations: CPFX, ciprofloxacin; LVFX, levofloxacin; STFX, sitafloxacin; GRNX, garenoxacin; LSFX, lascufloxacin; QRDR, quinolone-
resistance determining region.
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Figure 2 Changes of each quinolone mutant selection window after any number of exposures to the drug The mutant selection window (MSW) mean is indicated as a gray box, ranging
from MIC to MPC. The vertical axis shows the concentration of each fluoroquinolone. A dashed line shows the CLSI breakpoint of ciprofloxacin and levofloxacin.
Abbreviations: CPFX, ciprofloxacin; LVFX, levofloxacin; STFX, sitafloxacin; GRNX, garenoxacin; LSFX, lascufloxacin.

MSW was expanded from 0.04—0.44 pug/mL to 0.6—4.6 ug/mL, only 1 strain (9%) showed resistance; 5 strains (45%) had
resistance after 25 days of exposure (Figure 3). Determining the QRDR mutation in each fluoroquinolone resistance
acquired strain, GyrA mutation (S83L or D87G) was observed in all 11 strains that showed CPFX resistance after 25
days of exposure (Figure 4). Among GyrA mutants, 4 strains also had GyrB mutation (Q411R, E454D, E454H, or
V467M), and 6 strains had ParC mutation (S80I or E84K). The high CPFX-resistant strains with MIC >32 pug/mL had an
overexpression in the efflux pump gene acrd in addition to GyrA and ParC mutation. In 5 LVFX-resistant strains
detected after 25 days of exposure, ParC mutation or acr4 overexpression was not observed, although they had GyrA
mutation (S83L, D87G, D87Y) or GyrB mutation (E454D, E454K, V467E).

The Changes in MICs with STFX, GRNX, or LSFX Exposure
The MSWs of STFX and GRNX were 0.016-0.11 and 0.04-0.3 pg/mL, respectively. After 25 days of exposure to each drug, these
MSWs expanded to 1.9-12.4 pg/mL (113-fold) and 3.3-25 pg/mL (83-fold) (Figure 2). Conclusively, the MIC measurement of
STFX became 1-64 pg/mL which increased 64-4096-fold from its parental strains; similarly, the MIC of GRNX increased 16—
2048-fold, and its measurement showed 0.5-64 ug/mL (Figure 5). Furthermore, all STFX and GRNX exposed strains with MIC
>8 ug/mL had acrA over-expression (ranging from 3.13- to 6.11-fold) in addition to QRDR mutation.

On the other hand, the changes of MSW in LSFX were most gradual among the fluoroquinolones tested; it was only
12-fold (from 0.17-1.3 pg/mL to 1.9-16 pg/mL) (Figure 2).

LSFX MICs were elevated to 1- to 32-fold from those of parental strains after 25 days of exposure; these strains had
a mutation in GyrA or GyrB, and ParC mutation and acr4 over-expression was not detected (Figure 5).

Mutation Frequency of E. coli

Spontaneous QRDR mutation frequency, as incubated in an antibiotic-free medium, was the mean of 10~ (Figure 6). Due to the
exposure to half the MIC of CPFX, STFX, and GRNX this frequency was increased by 3.2-, 7.9-, and 6.3-fold, respectively (P
<0.05). In contrast, no increased mutation frequency was observed in the exposure to LVFX and LSFX.
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Figure 3 Cumulative resistance rate of each quinolone antibiotic after any days of exposure to the drug The vertical axis shows the cumulative resistance rate (%) and the
abscissa axis shows the total number of days of exposure to ciprofloxacin (Open diamond) or levofloxacin (Open square).
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Figure 6 Spontaneous mutation frequency of Escherichia coli strains exposed to each quinolone. The box-plot data shows comparisons of the spontaneous mutation
frequency between a strain with control or exposed to half the MIC fluoroquinolone for 24 hours. *P <0.05.

Discussion

Fluoroquinolones are used for the treatment of systemic bacterial infections because they exhibit excellent bactericidal
efficacy and tissue penetration, and their dosing period varies according to each infection. For example, although
a dosing period from 3 to 5 days is recommended for uncomplicated cystitis,” bacteremia and pneumonia require 7 to
14 days.'®'® Furthermore, the dosing period for lung abscesses is extremely long, and the median in this dosing period
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was reported as 26 days (maximum 180 days).' These prolonged administrations of fluoroquinolone are one of the risk
factors for the global increase in fluoroquinolone-resistant E. coli.*®*' In the previous studies that investigated the risk

for the emergence of fluoroquinolone-resistant E. coli,”***

cancer and respiratory tract infection, not uncomplicated-
urinary tract infection, were suggested. These results are considered to be due to the difference in the dosing period of the
fluoroquinolone; however, our findings also showed the difference in each fluoroquinolone.

In our findings, both the values of MIC and MPC were elevated at every repeat of the MSW exposure. Although the
Cmax (0.56 pg/mL) when healthy adults took once an approved dose of CPFX** was higher than the initial MPC level, it
was included in MSW after the second load experiment. However, in LVFX (7.6 pg/mL),”> STFX (1.0 pg/mL),*® and
GRNX (11.1 ug/mL)*” with a relatively high C max, the period before the inclusion of each C max in MSW was long.
Because E. coli is exposed to each quinolone in one MSW load experiment for 5 days, it is difficult to consider that those
strains acquire quinolone resistance in approximately 5 days. However, by the treatment that assumes a remedy of 10 to
15 days, the resistant strain may emerge. Our results support the findings of Fantin et al* that reported quinolone
treatment for 14 days or more increases the risk of resistance.

After comparing the acquisition of the resistance rate of CPFX with LVFX, there was no difference by 2 times the exposure (10
days). Whereas that of LVFX was low by 5 times the exposure (25 days). The period of the fluoroquinolone recommended for the
treatment of acute uncomplicated cystitis was 3 to 5 days, and it was considered that both drugs did not contribute to the acquisition
of resistance by this regimen. Whereas, in the duration of treatment (more than 14 days) assumed for severe pyelonephritis and
sepsis, it may be easy for CPFX to give quinolone resistance to E. coli. In this study, the resistant strain which emerged by CPFX
exposure had multiple resistant mechanisms compared to that of LVFX where the MIC level was also high. Particularly, ParC
mutation that greatly elevated the MIC value of both drugs was found only in resistant strains by CPFX. E. coli GyrA and ParC
mutation increase CPFX ICs, by 280-fold but increase LVFX ICs, only 55-fold.*® In other words, this might delay resistance
acquisition as LVFX maintained bactericidal activity even if the mutation of QRDR occurred. However, the ParC variant by the
CPFX exposure greatly elevated the MIC of LVFX. Although the ParC variant did not emerge by 25-day LVFX exposure in this
study, further long-term exposure may allow its emergence.

On the other hand, in most of the STFX or GRNX exposure strains, AcrA had overexpression. AcrA is one of the components
of the trimeric ABC transporter AcrAB-TolC.?’ The overexpression of this transporter plays a role in the efflux of fatty acid or
biliary acid within the intestine and produces fluoroquinolone resistance. AcrAB-TolC expression is induced by exposure to
organic anions such as the carboxylic acid group.’® Considering the carboxylic acid pKa value of the drug used in this study, the
proportion of anion types of STFX and GRNX ata pH of 7.2, such as infection site and medium, is 10-fold higher than other drugs;
these may induce acrd expression. Given highly resistant strains with GyrA+ParC mutation that did not observe acr4 over-
expression had low STFX MICs, acr4 overexpression may be crucial in an increase of STFX MICs. GRNX and LSFX MICs in
these strains increased 8- to 64-fold from parental strains. These results indicate that the rise of GRNX and LSFX MICs requires
both GyrA and ParC mutation; acr4 overexpression negligibly contributed to the elevation of both drugs’ MICs. On the other
hand, 5 times LSFX-exposed strains had few elevated MICs, showing the lowest cross-resistance rate at 27% against CPFX and
LVFX. This may result from the fact that GyrA mutation was observed in LSFX-exposed strains but was not observed in ParC
mutation and acr4 over-expression. LSFX is developed in order to enable strong binding to both GyrA and ParC;’' therefore, it
was considered that strains with QRDR mutation were hardly selected with LSFX exposure.

Respiratory quinolones such as LVFX, STFX, GRNX, and LSFX are used for bacterial respiratory infection. In these
cases, E. coli was rarely detected as a causative organism (approximately 1 to 4%);*? conversely, E. coli colonizes in
intestinal microbiota. If fluoroquinolones are administered orally, about 10% of the dosage is distributed and eliminated
in the intestine, and drug concentration within the intestine almost equals serum drug concentration.*® In other words, the
fluoroquinolone exposure to E. coli occurs in not only the infection location, but also the intestinal tract. Each MIC of
STFX, GRNX, and LSFX after the 5 times exposure that assumed a prolonged administration was 64- to 4096-fold, 16-
to 2048-fold, and 2- to 32-fold elevated, respectively. And all strains in which these MICs were elevated acquired cross
resistance to CPFX and LVFX. When respiratory quinolone is administered for a long term, it is necessary to be vigilant
about fluoroquinolone resistance of E. coli that habitually resides in the intestinal tract. Our results suggest that LSFX has

the lowest influence on fluoroquinolone-resistance acquisition to regular E. coli.
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Bacteria, such as E. coli, can mutate in DNA in every cell division; its natural frequency was reported at 10~ to
107%." This spontaneous mutation frequency sometimes increases when exposed to drugs harboring the N-cyclopropyl
groups, such as cyclophosphamide.®® Three fluoroquinolones (CPFX, STFX, and GRNX) which showed over 50% of
cross-resistance to LVFX, also located an N-cyclopropyl group binding to the quinoline structure. This structure plays an
essential role in antibacterial activity. However, it was reported that DNA mutation was induced by the high chemical
reactivity.”* Indeed, mutation frequency was increased when exposed to these three drugs (P <0.05); in contrast, that of
LSFX and LVFX did not exceed baseline.

In other drug resistance, the extended-spectrum beta-lactamase (ESBL) -producing strains tend to increase. Recently,
SHV-producing strains were determined in not only Klebsiella pneumonia but also E. coli.>> Most ESBL-producing
E. coli show fluoroquinolone resistance; thus, the prevalence of these strains should be noted.

In conclusion, this study showed that fluoroquinolone resistance acquisition considerably depends on drug selection
and exposure period. Our data shows that fluoroquinolone-resistant E. coli was not detected within ten days of a CPFX/
LVFX challenge, so these drugs may be used for about seven days without developing resistance. On the other hand,
E. coli was resistant at a high rate by 25-day exposure, and there was a higher tendency in CPFX; therefore, prolonged
use of fluoroquinolones for longer than 25 days should be avoided. Although this tendency was similar for respiratory
quinolone, it was difficult for LSFX to acquire cross-resistance for LVFX by exposure for 25 days.
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