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Comparison of the selection of antimicrobial resistance in fecal Escherichia 
coli during enrofloxacin administration with a local drug delivery system 

or with intramuscular injections in a swine model
Romain Béraud, Louis Huneault, Dave Bernier, Francis Beaudry, Ann Letellier, Jérôme R.E. del Castillo

A b s t r a c t
This study evaluated, for the first time, the selection of antibiotic resistance in fecal Escherichia coli, a potential reservoir of genes 
of resistance, during the prolonged exposure to fluoroquinolones after the implantation of a local drug delivery system (LDDS) 
in a swine model. Fourteen pigs were randomly assigned to group IM (5 mg/kg/day of intramuscular enrofloxacin — EFX) 
or LD (surgical implantation of EFX-polymethyl-methacrylate peri-femoral implants). Blood samples were collected daily for 
determination of plasma EFX and ciprofloxacin (CFX) concentrations. Fecal samples were collected daily to determine the 
E. coli counts and the susceptibility patterns of its isolates as evaluated by antibiotic disk diffusion tests. In both groups, EFX 
administration significantly reduced the bacterial counts after 2 days. During recolonization, the bacterial counts remained 
lower than baseline in group IM but not significantly, and almost reached pre-treatment levels in group LD. Susceptibility to 
EFX, CFX, and nalidixic acid of recolonizing E. coli in LD pigs slightly decreased but remained within the limit of “susceptible” 
isolates. In contrast, quinolone susceptibility of recolonizing E. coli in IM pigs dropped dramatically (P , 0.0001). In addition, 
intramuscular exposure to fluoroquinolones significantly decreased the susceptibility of E. coli to ampicillin and trimethoprim-
sulfamethoxazole (P , 0.05). In conclusion, the use of a dosing regimen that minimized the intestinal output of fluoroquinolones 
also minimized the selection of resistance to several classes of antibiotics. This could represent another advantage of LDDS usage 
compared to long-lasting systemic administration of fluoroquinolones.

R é s u m é
Pour la première fois une étude a évalué la sélection de résistance aux antibiotiques chez des isolats fécaux d’Escherichia coli, un réservoir 
potentiel de gènes de résistance, durant une exposition prolongée aux fluoroquinolones après l’implantation d’un système d’administration 
locale de médicaments (LDDS) dans un modèle porcin. Quatorze porcs ont été assignés au hasard au groupe IM (5 mg/kg/jour d’enrofloxacin 
[EFX] par voie intramusculaire) ou LD (mise en place chirurgicale d’un implant péri-fémoral d’EFX-polyméthyl-méthacrylate). Des 
échantillons sanguins ont été prélevés quotidiennement afin de déterminer les concentrations plasmatiques d’EFX et de ciprofloxacin (CFX). 
Des échantillons de fèces ont été collectés quotidiennement afin de dénombrer les E. coli et déterminer les patrons de sensibilité des isolats 
tels qu’évalués par la méthode de diffusion en gélose. Dans les deux groupes, l’administration d’EFX a réduit significativement les comptes 
bactériens après 2 jours. Au cours de la recolonisation, les comptes sont demeurés inférieurs de manière non-significative à la valeur de 
base dans le groupe IM, et ont presque atteint les niveaux prétraitement dans le groupe LD. Chez les porcs LD la sensibilité à l’EFX, CFX 
et l’acide nalidixique des E. coli recolonisant a diminué légèrement mais est demeurée à l’intérieur de la limite pour les isolats «sensibles». 
À l’opposé, chez les porcs du groupe IM la sensibilité aux quinolones des E. coli recolonisant a chuté dramatiquement (P , 0,0001). De 
plus, l’exposition intramusculaire aux fluoroquinolones a diminué de manière significative la sensibilité de E. coli à l’ampicilline et au 
trimethroprime-sulfaméthoxazole (P , 0,05). En conclusion, l’utilisation d’un régime doseur qui minimise l’excrétion intestinale de 
fluoroquinolones minimise également la sélection de résistance à plusieurs classes d’antibiotiques. Ceci pourrait représenter un autre avantage 
de l’utilisation de LDDS comparativement à l’administration systémique de fluoroquinolones à longue action.
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I n t r o d u c t i o n
Musculoskeletal infections can be difficult to treat with systemic 

antimicrobials because of their limited penetration into the devascu-
larized tissues and biofilms that may be present at the infection site 
(1,2). The current therapeutic approach for such infections includes 
an aggressive surgical debridement, removal or change of fixation 
devices without impairing bone stability, soft tissue coverage, and 
long-term systemic antibiotic therapy, with a success rate varying 
between 80% and 90% (3,4). To improve this treatment response, 
local drug delivery systems (LDDS) have been developed, to allow 
a sustained high-level local antibiotic concentration at the infec-
tion site (1,2,5). Although elution characteristics can vary greatly 
among different antibiotic and LDDS combinations, the systemic 
absorption of the chosen antibiotic is generally poor, which leads 
to sustained low plasma drug concentrations and minimal risk 
of systemic toxicity (2,5,6). The systemically absorbed antibiotic, 
however, may provide concentrations within the mutant selection 
window (MSW) of various bacteria, a theory that has been proposed 
to explain how exposure to antibiotics leads to the selective enrich-
ment of resistant cell subpopulations (7–11). In the case of veterinary 
fluoroquinolones, the risk of resistance selection may be significant, 
because P-glycoprotein has been shown in vivo to contribute to the 
intestinal excretion of this class of antibiotics (12). Hence, parenter-
ally administered fluoroquinolones may exert a selective pressure on 
the intestinal microbiota, including Escherichia coli and other bacterial 
species with zoonosis potential.

While several studies have investigated the potential role of 
LDDS in the selection of antibiotic resistance among pathogens 
(13–20), none to our knowledge has evaluated the impact of the 
prolonged systemic antibiotic concentrations near MSW on com-
mensal flora. Resistance selection among pathogenic bacteria is 
of concern as it increases the risk of infections that are refractory 
to classical treatments, which limits the therapeutic possibilities 
of practitioners. Moreover, the selection of resistance among com-
mensal flora is equally of concern because of its insidious role as 
a reservoir of genes of resistance (21,22). Many reports in human 
and veterinary medicine have highlighted the potential for these 
resistant commensal bacteria to transfer resistance genes to any 
incoming pathogen or to themselves, leading to the possibility of  
infection (23–26).

The objective of this study was to investigate the selection of bacte-
rial resistance in the fecal E. coli flora of a swine model during local 
administration of enrofloxacin (EFX) by a LDDS, and to compare the 
results to intramuscular (IM) EFX injections. It was hypothesized 
that the EFX-loaded LDDS used in this model would lead to plasma 
drug concentrations of EFX that would be low enough to avoid any 
bacterial resistance selection in the fecal flora, as opposed to that 
from the IM administration of EFX.

M a t e r i a l s  a n d  m e t h o d s

Animals and housing conditions
Fourteen, 4–8-week-old healthy pigs (13.6 6 5.9 kg) were used 

that were known not to have had previous exposure to antibiotics. 

These pigs were randomly assigned to 2 equal groups: IM (intra-
muscular EFX), and LD [local delivery with EFX-loaded polymethyl- 
methacrylate (PMMA) implants]. The pigs were housed individually 
in separate pens, and did not have any direct contact with pigs in the 
other group. The pigs were fed twice daily with an antibiotic-free 
commercial pig feed, and had unlimited access to water. Pigs were 
allowed to acclimatize for 4 d before experiment initiation on day 1. 
Operators always went through a rigorous disinfection procedure 
before entering and exiting the unit and between manipulations to 
avoid cross-contamination. The protocol was in agreement with the 
Canadian Council on Animal Care guidelines and was approved by 
the Institutional Animal Care and Use Committee of the Université 
de Montréal.

Drugs and implants
An injectable solution of enrofloxacin (Baytril; Bayer, Toronto, 

Ontario), 100 mg/mL, was used for EFX administration. The EFX-
loaded PMMA implants were prepared in a sterile fashion by add-
ing 6 g of EFX powder (Sigma-Aldrich, Oakville, Ontario) to 40 g of 
powdered polymer (Surgical Simplex P Radiopaque Bone Cement; 
Howmedica, Limerick, Ireland). The combination was homogenized, 
the liquid monomer was added, and the soft EFX-PMMA mixture 
was poured into 3-mL syringe barrels. Plungers were then inserted 
and depressed to the 0.7 mL mark to expel air and excess cement 
(27). The cement in the syringe was allowed to harden to produce 
500 mg cylindrical EFX-PMMA implants that were 9 mm in diameter, 
7 mm long, and contained ~65 mg EFX.

Experimental procedures
On day 7, pigs received IM injections of azaperone [2 mg/kg 

body weight (BW)], ketamine (8 mg/kg BW), and hydromorphone 
(0.1 mg/kg BW). Anaesthesia was induced using a face mask deliv-
ering 1–3% isoflurane in 100% O2, and then continued via an endo-
tracheal tube. No antibiotic prophylaxis was applied because this 
would interfere with the study’s objective. An indwelling catheter 
was placed in the left external jugular vein for serial blood collection. 
In the LD group, the lateral aspect of the left femur was approached 
to place 7 peri-diaphyseal EFX-PMMA implants/10 kg BW.

From days 7 to 21, pigs in the IM group received IM injections of 
EFX at a dose of 5 mg/kg BW, q24h, adjusted twice a week based 
on increase in body weight. Pigs in the LD group received no other 
antibiotic after their peri-femoral EFX-PMMA implants.

In all pigs, blood was collected in EDTA tubes on 8 occasions dur-
ing the first 32 h of treatment (from day 7 to day 8), and then was 
collected once daily between days 9 and 21, before the morning EFX 
IM injections. Plasma was harvested after centrifugation and stored 
at -70°C pending analysis.

Fecal samples (20 g) were collected once daily from fresh feces or 
rectally. Samples taken between days 1 and 6 were used to determine 
the baseline conditions, and samples taken between days 7 and 21 
were used to document the time-course of the E. coli population 
size and antibiotic susceptibility of isolates during exposure to EFX. 
After collection, all samples were kept at 4°C until homogenized and 
plated (within the next 6 h).

At day 21, all pigs were euthanized by barbiturate overdose 
injected intravenously. For practical reasons, experiments were 
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divided into 2 separate time blocks, such that 2 subgroups of 3 or 
4 pigs from each treatment group were studied simultaneously.

Plasma enrofloxacin and ciprofloxacin 
concentrations

A liquid chromatography, electrospray-tandem mass spectrom-
etry (LC-ESI/MS/MS) method was developed to measure the 
plasma concentrations of EFX and its active metabolite ciprofloxa-
cin (CFX) simultaneously. Briefly, the EFX and CFX were extracted 
by protein precipitation from plasma. One hundred microliters of 
plasma sample were mixed with 500 mL of acetonitrile fortified 
with 250 ng/mL of reserpine (internal standard). The samples were 
centrifuged at 12 000 g for 10 min and 10 mL of supernatant was 
injected into the HPLC system, fitted with a Waters Symmetry C18 
150 3 3.9 mm column (3.5 mm particule size). The mobile phase 
was a 80:20 mixture of acetonitrile and 0.5% formic acid in water 
and the flow rate was 0.8 mL/min. The analytes were measured by 
mass spectrometry using a PESciex API 31 instrument equipped 
with an electrospray ion source (ESI). The analyte responses were 
measured in selected reaction monitoring mode (SRM) using mass 
transitions of m/z 360➞316 (EFX), m/z 332➞245 (CFX), and m/z 
609➞174 (reserpine). The quantification was based on the peak-area 
ratios of each analyte with the internal standard, and the calibration 
curve was constructed using a linear regression model (weighted 
1/concentration). The lower limit of detection of the method was 
2 mg/L for both analytes, with overall accuracies and precisions of 
100.3%, 10.5% for EFX and 98.7%, 8.4% for CFX.

Microbiological analyses
The daily fecal Escherichia coli counts were performed according to 

standard procedures on MacConkey agar. For each sample, 20 g of 
feces were homogenized in a sterile bag by hand mixing for 1 min, 
and 5 g were diluted in sterile saline (1:10). The direct plating method 
(DPM) for detection of antimicrobial-resistant E. coli was carried out 
(28). Each dilution (100 mL) was plated onto a MacConkey Agar plate 
(Quelab Laboratories, Montreal, Quebec) to yield isolated colonies. 
Bacterial growth was examined after overnight incubation at 37°C for 
lactose-fermenting colonies with a morphological appearance typical 
of E. coli. For each fecal sample, 3 such colonies were selected at ran-
dom and purified on 5% sheep blood agar (Quelab Laboratories) and 
confirmed with triple iron sugar agar, citrate agar, indole and urease 
tests (29). One out of 10 isolates with atypical morphology or with 
typical biochemical patterns of E. coli was further characterized on 
API20E galleries (Biomérieux, Hazelwood, Missouri, USA) (30). The 
antimicrobial susceptibility of E. coli isolates was determined using 
the disk diffusion method, standardized according to the Clinical 
and Laboratory Standards Institute guidelines (31). The following 
antibiotics were used: EFX, CFX, nalidixic acid, ceftiofur, amoxicillin, 
ampicillin, streptomycin, gentamicin, apramycin, trimethoprim-
sulfamethoxazole (TMS), florfenicol, and tetracycline. After overnight 
incubation at 37°C for 16 to 18 h, the inhibition zone diameters (mm) 
of each antibiotic were measured using a standard ruler.

Pharmacokinetic and statistical analyses
The time-course of plasma EFX and CFX concentrations in pigs 

dosed IM or with the LDDS were subject to statistical moment PK 

analyses using WinNonlin 5.1 standard edition (Pharsight, Palo 
Alto, California, USA) (32). The linear trapezoid algorithm was 
applied to estimate the areas under the concentration (AUC) and 
first moment curves (AUMC) associated with the first IM dosing, 
and with the LDDS implantation. Extrapolation to infinity of AUC 
and AUMC was performed with standard formulas after estima-
tion of the terminal decay slope (lz). The following PK parameters 
were calculated: apparent systemic clearance (CL/F) and volume of 
distribution (V/F), mean residence time (MRT), and half-life of the 
terminal decay slope (t1/2 2 lz). In addition, the overall systemic 
exposure to EFX and CFX was estimated with the measured AUC 
for the whole study period.

Statistical analyses were performed with the SAS system, ver-
sion  9.1 (SAS Institute, Cary, North Carolina, USA), using the 
0.05 level of significance for all analyses. All daily fecal E. coli counts 
were log10 transformed to normalize their distributions and include 
in the analysis. In each pig, 1 to 4 samples were randomly chosen per 
period for susceptibility testing, depending on the duration of each 
period and the presence of recovered colonies. Three colonies were 
tested per sample and averaged. Inhibition zone diameters were 
also log10 transformed, and the assumptions of normality necessary 
to perform a parametric analysis were fulfilled. The data are still 
presented without transformation [mean and standard error (Sx̄)] 
in the text or figures. Accounting for the diameter of the antimicro-
bial disks, the minimal value for reported inhibition zone diameter 
was 6 mm. The time-course of the size of E. coli population and the 
antibiotic susceptibility of their isolates was divided in 4 periods, 
based on the observed fecal E. coli counts: (1) baseline, days 1 to 6, (2) 
antibiotic first exposure effect, day 7 to time of undetectable bacterial 
count, (3) bactericidal equilibrium, duration of undetectable bacterial 
counts, and (4) regrowth equilibrium, time of bacterial resurgence to 
day 21. The effect of EFX dosing route on the duration of periods 2 
and 3 was assessed with a survival analysis, using the log-rank test 
at the 0.05 a-level to focus on the late differences in E. coli recovery 
(33). Linear mixed-effect models for repeated measures, with time 
periods 1, 2, and 4 as a within-subject factor, treatment as a between-
subject factor, and pig within treatment as random variable, were 
used to assess the changes in E. coli count and inhibition diameters 
over time. The time 3 treatment interaction was also assessed as a 
fixed effect. Afterwards, least-square means were used to examine 
differences in the time-course of the size of the bacterial popula-
tion and of the inhibition zone diameters, as well as the differences 
recorded for each treatment group. Results are presented as least-
square means 6 standard errors unless otherwise specified. Pearson 
correlation coefficients were determined between antimicrobials.

R e s u l t s
Pigs gained 6.57 6 2.85 kg during the experiment and none dem-

onstrated any major systemic or local adverse reactions.

Plasma enrofloxacin and ciprofloxacin 
concentrations

Mean plasma EFX and CFX concentrations in groups LD and IM 
are presented in Figure 1, and selected PK parameters are presented 
in Table I. Plasma EFX concentrations in LD pigs were on average 
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4.5% as high as those in IM pigs, and plasma CFX concentrations 
were on average 8.5% as high as those of EFX in each treatment 
group. Plasma EFX concentration peaked at similar times in both 
treatment groups, but its decay in LD pigs was clearly biphasic, 
with a sharp decrease during the 2 d following tmax, and a slope with 
8.76-day half-life that lasted for the rest of the experiment (Table I). 
In both treatment groups, the time-course of plasma CFX concentra-
tions was similar to that of EFX but the plasma CFX concentrations 
were below the quantification limit in some LD pigs.

Fecal Escherichia coli counts
The course of fecal E. coli counts is depicted in Figure 2. During 

the baseline period (from days 1 to 6), this bacterial population 
averaged 103.79 6 100.42 and 105.55 6 100.42 CFU/g in LD and IM pigs, 
respectively, which was significantly different (P = 0.019). The 
administration of EFX, either intramuscularly (IM) or locally (LD), 
markedly reduced the size of the fecal E. coli population during 
the next 2 days (first exposure effect period), resulting at its end in 
counts below the limit of detection of 100 CFU/g. The duration of 
the first effect period was not significantly different between groups 
IM and LD (2.43 6 0.48 d and 1.71 6 0.18 d, respectively, survival 
analysis P = 0.17). However, the duration of the bactericidal equilib-
rium in LD pigs was significantly less than in IM pigs: 4.57 6 0.72 d 
versus 8 6 1.66 d, respectively (survival analysis, P = 0.037). Finally, 
the fecal E. coli counts during the days of the regrowth equilibrium 
period were lower (but not significantly lower) than those of baseline 
values in group IM (P = 0.0837), and almost reached pre-treatment 
levels in group LD (P = 0.1116). Though not statistically significant, 
the number of pigs per group for which bacterial counts remained 
below the detection level during the entire experiment differed 
between group LD (0/7 pigs) and IM (3/7 pigs).

Escherichia coli susceptibility to EFX 
simultaneously

The results of fecal E. coli isolates susceptibility to EFX, as esti-
mated from growth inhibition zone diameters, are presented in 
Figure 3. Significant effects of the groups and time periods were 
identified (P , 0.001). In group LD, susceptibilities during period 2 
were not significantly different from baseline values (35.4 6 1.1 mm, 
P = 0.6474), but reached statistical significance in period 4 (P = 0.05). 
However, the isolates remained susceptible to EFX according to 

CLSI guidelines. In group IM, EFX susceptibility in period 2 was 
not statistically different from baseline (35.2 6 1.1 mm; P = 0.494), 
but dropped dramatically during period 4 (P , 0.0001). The E. coli 
isolates recovered from IM pigs during the regrowth phase were 
resistant to EFX. The significant time 3 treatment interaction on 
the susceptibility of E. coli isolates to EFX was restricted to period 4 
(P , 0.0001).

Escherichia coli susceptibility to other quinolones
The results of fecal E. coli isolates susceptibility to CFX and 

nalidixic acid were similar to those described for EFX for both 
groups. Significant effects of treatment, time, and treatment 3 
time were recorded (P , 0.0001 for both drugs). Compared with 
baseline values, the susceptibility of E. coli isolates to CFX and 
nalidixic acid in the LD pigs experienced no significant variation 
at period 2 (P . 0.78), but significant decreases were recorded at 
period 4 (P # 0.025). The average inhibition zone diameters of CFX 
and nalidixic acid for the latter isolates, however, were still . 21 mm 
and . 18 mm, respectively, indicating that they were still susceptible. 
Similar findings were recorded for IM pigs: baseline inhibition zone 
diameters were 38 6 1.1 mm for CFX and 26.4 6 1.1 mm for nalidixic 
acid, within-group differences for period 2 were not statistically 
significant (P $ 0.352), but significant decreases were recorded at 
period 4 (7 6 1.1 mm and 7 6 1.1 mm respectively, with P , 0.0001 
for both). The statistically significant time 3 treatment interaction 
was limited to inhibition zone diameter differences for the regrowth 
period (P , 0.0001). Pearson correlation coefficients were excellent 
among all 3 fluoroquinolones tested: 0.98 between EFX and CFX, 
0.96 between EFX and nalidixic acid, and 0.95 between CFX and 
nalidixic acid.

Escherichia coli susceptibility to other antibiotics
The results of fecal E. coli isolates susceptibility to amoxicillin and 

ampicillin are presented in Figures 4 and 5, respectively. Susceptibility 
for amoxicillin and ampicillin were subject to a significant time effect 
(P = 0.0207 and P # 0.0003, respectively). In the LD and IM pigs, no 
significant difference in amoxicillin inhibition zone diameters was 
recorded for exposure periods 1, 2, and 4 (P . 0.1313 and P . 0.0611, 
respectively). In contrast, ampicillin susceptibility of E. coli isolates 
recovered from IM pigs decreased at period 4 (P , 0.0005) while 
ampicillin inhibition zone diameters from LD pigs decreased slightly, 
but significantly, during period 4 compared with period 2 (P = 0.0357). 
Pearson correlation coefficients were 0.29 between EFX and amoxicil-
lin, and 0.56 between EFX and ampicillin.

The results of fecal E. coli isolates susceptibility to TMS are pre-
sented in Figure 6. Treatment, time and treatment 3 time effects 
were also found for TMS (P , 0.02). Inhibition zone diameters 
for the E. coli isolates recovered from period 4 were significantly 
smaller than those of isolates from period 1 (P = 0.0412 for LD and 
P = 0.0003 for IM), and the difference between periods 2 and 4 was 
significant for IM pigs (P = 0.0016). The treatment 3 time interaction 
was limited to period 4, where isolates from LD pigs had inhibition 
zone diameters close to baseline values, as opposed to those from 
IM pigs, in which inhibition zone diameters were mostly less than 
baseline values (P , 0.0023). Pearson correlation coefficient between 
EFX and TMS was 0.78.

Figure 1. Mean plasma enrofloxacin and ciprofloxacin concentrations in 
IM and LD pigs.
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Susceptibility to ceftiofur, gentamicin, streptomycin, tetracycline, 
apramycin, and florfenicol were also tested, and no significant 
variations were observed for these antibiotics. Excellent Pearson 
correlation coefficients were found between amoxicillin and ceftiofur 
(0.87) or ampicillin (0.86).

D i s c u s s i o n
During the last decades, LDDS have gained popularity in the 

prophylaxis and treatment of human and animal osteomyelitis and 
infected articular prosthesis. However, there has been more and more 
concern about their ability to select antibiotic resistance in patho-
genic bacteria (13–17), a problem that is favored by the production 
of biofilms on the surface of surgical implants (18–20,34).

The focus in this study was on the effect of prolonged low sys-
temic antibiotic concentrations following a LDDS implantation on 
the E. coli population from the commensal fecal flora, which to our 
knowledge has never been investigated.

Our LDDS was designed to achieve 2 objectives: 1) to achieve low 
systemic antibiotic concentrations over a prolonged period of time, 
and 2) to mimic clinical situations where, most of the time, clinicians 
design and shape their own LDDS implants according to bacterial 
susceptibility and room available for implantation. Enrofloxacin 
and PMMA are clinically relevant choices for this purpose: EFX is a 
fluoroquinolone efficient against staphylococci and gram-negative 
bacteria, which are the main infectious agents implicated in post-
traumatic osteomyelitis; PMMA is still considered the LDDS matrix 
gold standard until an affordable and convenient resorbable matrix 
becomes available (1,3,35–37). Moreover, low serum EFX concentra-
tions were measured throughout the study with our EFX-PMMA 
LDDS, similar to most LDDS described in the literature (35,37). It is 
known that the material used as a matrix, the shape, porosity and 
volume of the implants, as well as the nature and concentration of 
the chosen antibiotic all influence the elution properties of LDDS 
(5,6,27,38–40). The plasma EFX concentrations measured after 
implantation typically followed a biphasic pattern with a quick 

Table 1. Selected pharmacokinetic parameters in groups LD and IM

	 Enrofloxacin	 Ciprofloxacin
Parameter	 Units	 LD	 IM	 LD	 IM
AUC0–24 h	 h · (mg/L)	 —	 6344 6 3625		  451.8 6 239.4
AUC0–336 h	 h · (mg/L)	 2100 6 229	 90079 6 51277
lz

a	 /h	 0.005 6 0.003	 0.081 6 0.046
Cmax	 mg/L	 26.4 6 2.5	 499.7 6 348.6	 5.1 6 3.5	 27.5 6 6.6
tmax

a	 h	 3.4 6 1.9	 3.3 6 2.1	 13.3 6 11.9	 8.3 6 2.0
MRT	 h	 301.28 6 100.79	 19.38 6 5.96
t1/2 2 lz

b	 h	 210.16	 11.97
CL/F	 L/(h · kg)	 0.0017 6 0.0003	 0.0007 6 0.0003
V/F	 L/kg	 0.514 6 0.065	 0.015 6 0.012
a Normal distribution.
b Harmonic mean and jack-knife estimate of standard deviation.
AUC0–24h — Area under the curve for the first 24 h; AUC0–336h — Area under the curve for the entire project;  
lz — terminal decay slope; Cmax — maximal concentration; tmax — time to Cmax; MRT — mean residence time; 
CL/F — apparent systemic clearance; V/F — volume of distribution.

Figure 2. Evolution of the fecal Escherichia coli population size (least-square 
means, and standard errors).

LOD — lower limit of bacterial detection.
a,b — least-square means with different superscripts significantly differ
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release during the first 24 h, likely resulting from solvation of the 
fraction of antibiotic that is loosely adhered to the implant surface. 
Afterwards, elution from deeper layers may have sustained the 
plasma EFX concentration. In vitro and local in vivo elution studies 
and microscopic porosity evaluation could have been performed 
to 1) more precisely describe the characteristics of our EFX-PMMA 
LDDS, and 2) verify that our LDDS was providing higher concen-
trations at the site of interest than the IM route for the treatment 
duration. Various studies have reported systemic or local in vivo 
elution characteristics of different LDDS and have compared them 
to local concentrations obtained by systemic antibiotic administra-
tion (6,38,40). Adams et al (6) reported good granulation tissue and 
bone CFX concentrations (above break point sensitivity level) 28 d 
after peri-tibial implantation of CFX impregnated PMMA beads (6 g 
CFX/40 g PMMA powder).

Resistance to fluoroquinolones can occur mainly by 3 mecha-
nisms: 1) decreased permeability of the bacterial cell wall caused by 

alterations of the hydrophilic pores (outer membrane proteins), 2) an 
efflux pump, which actively transports the fluoroquinolone molecule 
out of the cell as it approaches or passes through the bacterial mem-
brane, and 3) mutations in the genes encoding the GyrA and GyrB 
enzyme subunits of DNA gyrase and the ParC and ParE subunits 
of topoisomerase IV, thus altering the quinolone molecule’s bind-
ing site (14,35,41,42). The genetic determinants associated with our 
recorded changes in antibiotic susceptibility patterns will be reported 
in a separate communication. For resistant mutants to develop in 
the environment, favorable events like an exposition of the bacterial 
population to sub-bactericidal concentrations of the incriminated 
antibiotic, a sufficient energy metabolism to support a plasmid 
acquisition and a positive biologic balance of a mutation, or both, are 
required, among other possibilities. The mutant selection window 
(MSW) is an antimicrobial concentration range extending from the 
minimal concentration required to block the growth of wild-type 
bacteria up to that required to inhibit the growth of the least suscep-
tible, single-step mutant (7,8). It has been demonstrated that plac-
ing antimicrobial concentrations inside the MSW enriches resistant 
mutant subpopulations selectively, whereas placing concentrations 
above the upper boundary of the window, also called the mutant 
prevention concentration, restricts selective enrichment (7,8). We 
observed a temporary but significant first antibiotic exposure effect 
of our LDDS on the total E. coli count from the 2nd to the 4th day 
post-implantation. This effect could be explained by the EFX peak 
release (26.4 6 2.5 mg/L) reached in the first 3 to 4 h, which is near 
the E. coli minimum inhibitory concentration (MIC) (30–125 mg/L) 
(35). Through intestinal excretion of EFX via P-glycoproteins, this 
initial burst effect could have had a temporary impact on the fecal 
flora. However, only a slight change in EFX isolates susceptibility 
of the E. coli population was observed after implantation of the 
LDDS. This could be explained by the very short duration of the 
systemic peak EFX concentration following LDDS implantation, 
presumably not enough to allow a sustained selection. Although a 
slight decrease in susceptibility was observed during the period of 
bactericidal equilibrium, it stayed largely above the “intermediate” 
sensitivity threshold. Even if this may not seem clinically relevant, 

Figure 4. Evolution of Escherichia coli susceptibility to amoxicillin — least-
square means and standard errors (statistical analysis was performed on 
log transformed values). 
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Figure 5. Evolution of Escherichia coli susceptibility to ampicillin (least-
square means, and standard errors).

a,b,c — least-square means with different superscripts or subscripts 
significantly differ (statistical analysis was performed on log transformed 
values)
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Figure 6. Evolution of Escherichia coli susceptibility to trimethoprim-
sulfamethoxazole — least-square means, and standard errors.

a,b,c,d — least-square means with different superscripts or subscripts 
significantly differ (statistical analysis was performed on log transformed 
values)
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these results demonstrate that a change in the E. coli isolates EFX 
susceptibility did occur, and that the use of a LDDS should be well 
justified, especially for prophylaxis where excessive usage happens 
more often.

In contrast, the susceptible E. coli population was completely 
replaced by presumably highly resistant variants during IM admin-
istration of EFX. This result was expected, and was in agreement 
with those of Wiuff et al (43). The EFX resistant E. coli isolates were 
most likely selected from pre-existing mutants initially present in 
low frequencies (43). This would mean that IM administration of 
5 mg/kg BW EFX led, for some of the pigs, to fecal concentrations 
above the MSW (the 3 pigs for which the E. coli population was 
completely and durably depleted), whereas for others it presum-
ably led to concentrations inside the MSW (the 4 pigs for which the 
E. coli isolates population recovered with resistant strains) (9–11). 
Although a mild decrease in susceptibility to various antibiotics was 
found after the use of our LDDS, this change was dramatically more 
important during the IM administration of EFX. For similar or bet-
ter efficacy for treating severe bone infections, where antibiotics are 
mandatory, LDDS seem to be more advantageous than the IM route 
of administration for the antimicrobial resistance selection of resident 
microflora (2,4,37). Furthermore, based on comparisons of resistance 
selection between the IM and oral administrations of EFX previously 
published, this may also be more advantageous than the oral route 
of administration (43). All pigs were euthanized at the end of the 
study, preventing any follow-up of the susceptibility pattern of the 
E. coli population after stopping EFX IM administration. However, 
this has been studied by Wiuff et al (43) who reported that the resis-
tant phenotype of fecal E. coli would persist and predominate for 
at least 2 wk or even longer after only 3 consecutive days of oral or 
IM EFX administration.

It is known that resistance to 1 quinolone frequently results in 
resistance to all (35), as seen in our study with CFX and nalidixic 
acid. However, some significant variations of E. coli susceptibility to 
other classes of antibiotics tested during EFX administration were 
observed. Some mutations that confer resistance to the fluoroquino-
lones, via alterations in permeability or activation of the efflux pump 
can confer resistance to other antimicrobial agents; however, previ-
ously reported “cross-resistances” during fluoroquinolone adminis-
tration concerned the cephalosporins and tetracyclines (35). To our 
knowledge, this is the first report of ampicillin and TMS resistance 
development induced by the administration of EFX. As previously 
reported, the mechanisms implicated in these “cross-resistances” 
could potentially concern the marRAB regulon, responsible for the 
number of porines in the external membrane or the AcrAB-TolC 
efflux pump system in the cytoplasmic membrane (41). We were 
surprised by the discrepancies of bacterial susceptibilities between 
amoxicillin and ampicillin during period  4, as these 2  antibiot-
ics belong in the same class and are often used interchangeably. 
Although this could potentially result from a type a statistical error, 
it could also be explained by a difference in their respective affin-
ity for the previously mentioned porines or efflux pump. Another 
hypothesis could be that, in fluoroquinolone-resistant mutants, 
modification of penicillin-binding protein (PBP) with reduced drug 
affinity or reduced bacterial permeability has occurred (44). Given 
the different affinities for PBPs between ampicillin (PBPs 2 and 3) 

and amoxicillin (PBPs 1A and 2), modification of one particular 
PBP could theoretically affect bacterial susceptibility for one peni-
cillin but not the other (45). However, these hypotheses need to be 
confirmed. Our next communication will report the precise nature 
of the mutations involved in the mechanism of resistance to assess 
their relative location/interactions with those involved in resistance 
against fluoroquinolones.

The IM and local administration of EFX logically resulted in a 
marked difference in the systemic exposure to this antibiotic and 
its metabolite CFX, as estimated by the area under the curve (AUC; 
Figure 1, Table I). This resulted in a difference in the exposure of the 
fecal flora to both EFX and CFX, but because none of these drugs was 
administered intravenously, it is not possible at this stage to assess 
their absorption, metabolism, and disposition pharmacokinetics, 
or their respective contributions to the selection of fecal resistant 
bacteria. However, it was felt that having a “clinical-based” model 
with different overall EFX doses (which is inherent to the specific 
mode of action of the LDDS and its administration route) would be 
more representative and clinically relevant than a “pharmacological-
based” model where both IM and local overall doses would have 
been equal. Moreover, the dosing regimens herein revealed that the 
mutant selection window has a lower boundary in vivo, both in 
terms of amount and duration of drug exposure. A negative control 
group was not used in our experimental design because the rate of 
fluoroquinolone resistance mutation in E. coli was expected to be 
low in group LDDS and not detectable in the absence of selection 
pressure. Moreover, given the highly controlled environment of the 
pigs during the study (room temperature and humidity, light cycle, 
disinfection procedure, etc.) we felt that having each individual 
being its own negative control would be valuable and more accurate. 
Since the difference in baseline E. coli counts between both groups 
was statistically significant, a higher probability of mutation could 
have theoretically biased group IM and affected our results. Genetic 
mutations responsible for antimicrobial resistance, however, are 
random events occurring at very low frequencies (10-6 to 10-10 for the 
fluoroquinolones), which suggests that the risk of bias in our study 
was negligible (46). Finally, we are aware that conclusions regarding 
the rate of exposure of fecal E. coli to EFX and CFX produced with 
our implants are difficult to transpose to other LDDS. As previously 
mentioned, each combination of antibiotic and matrix presents spe-
cific elution properties that may vary greatly, and additionally be 
subject to host effects. Moreover, fluoroquinolone resistance usually 
occurs through stepwise accumulation of point mutations, which is 
quite different from most other resistances mainly caused by one-
step acquisition of a resistance gene (14,35,41,42). Future research 
is warranted on other antibiotic/matrix associations to confirm our 
observations and increase our understanding of this topic.

This study evaluated, for the first time, the development of anti-
biotic resistance in E. coli isolates from the commensal flora, indica-
tor micro-organism and potential reservoir of genes of resistance, 
following the use of a LDDS. We showed that the implantation of 
EFX-loaded PMMA implants has minimal potential to select for 
antimicrobial resistance within the studied fecal E. coli isolates in a 
swine model. Although implantation of our LDDS led to a tempo-
rary decrease in the total count of the fecal E. coli population, the 
intestines were rapidly recolonized by a population of E. coli with a 
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very slightly decreased antimicrobial susceptibility pattern. Even if 
the changes in susceptibility were minor, this finding dictates proper 
justification of LDDS usage for prophylaxis. Also, the largely inferior 
variations in susceptibility for group LD versus IM could represent 
another advantage of LDDS usage compared to long-lasting systemic 
administration of fluoroquinolones. Finally, further studies implying 
other antibiotic-matrix combinations and flora would be interesting 
to complement our observations.
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