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Summary
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The pharmacokinetics of enrofloxacin and the PK/PD parameters AUC.,4,/MICyy and C,,, /MICy, of
the drug were determined in healthy turkeys (Meleagris gallopavo) (n=6) and cocks and hens (Gallus
domesticus) (n=6). The phamacokinetic parameters were calculated on the basis of enrofloxacin con-
centrations and its active metabolite ciprofloxacin using a microbiological assay. The elimination
half-life (t,,), the area under the concentration-time curve during a 24-hour dosing period (AUCy._541)
and the total body clearance of intravenously administrered enrofloxacin at the dose of 2.5 mg/kg in
turkeys and in cocks and hens were 6.05+1.83 h and 5.5441.07 h; 5.00+0.99 pg.h/mL and 3.90+1.08
pg.h/mL; 8.36+2.03 mL/min.kg and 11.11£3.26 mL/min.kg respectively. Following oral administra-
tion at the dose of 5 mg/kg, t;53, AUCy.,, and the bioavailability in turkeys and in cocks and hens
were 5.9842.03 h and 4.92+0.94 h; 6.74+1.60 pg.h/mL and 6.22+2.10 pg.h/mL; 69.854+30.85 % and
87.94449.53 % respectively. No statistically significant differences were observed between pharma-
cokinetic parameters of both avian species. The minimal inhibitory concentrations (MICy,) of avian
Salmonella spp. and Escherichia coli abattoir isolates were 0.5 pg/mL, whereas the AUC(_»4 ,yMIC
and C,,,,/MICy, values were 11.5 h and 14.9 h; 1.6 and 2.0 in turkeys and in cocks and hens respec-
tively. The used dose was assumed to be adequate for treatment of infections caused by very sensitive
microorganisms with MIC 0.015 pg/mL.
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INTRODUCTION

During the last years, antibacterial drugs birds in several European countries

including quinolones, are among the most
commonly used medicines for treatment
of infections in poultry. The data for the
activity of enrofloxacin against Escheri-
chia coli and Salmonella spp., isolated in

showed that the majority of E. coli strains
were inhibited by concentrations between
0.015-0.06—1 pg/mL (Scheer et al.,
1997a; Knoll et al., 1999; Pirro et al.,
2000). The resistance of E. coli strains
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isolated from chickens and parent flocks
against enrofloxacin was from 3.8 to 47
% (Burch, 2000; Pirro et al., 2000; Chen
et al., 2003). The frequent use of enro-
floxacin in turkeys was associated with a
higher degree of resistance to ciproflox-
acin (49%) among E. coli organisms iso-
lated from this avian species (Saenz ef al.,
2001). A retrospective study on the resis-
tance of 952 Salmonella spp. chicken iso-
lates (1992—-1998) revealed that the resis-
tance to enrofloxacin was under 7.9%
(threshold MIC>2.0 pg/mL) (Pirro, 2000).
MICy, of ciprofloxacin and enrofloxacin
for Salmonella spp. strains (n=994), iso-
lated from broiler chickens were 0.06 and
0.03—1 pg/mL respectively (Scheer et al.,
1997b; Pirro et al., 2000).

The pharmacodynamics, in combina-
tion with pharmacokinetics has the poten-
tial to ensure an objective approach in the
treatment with quinolones (Gunderson et
al., 2001). The parameters, characterizing
adequately the correlation between the
pharmacokinetic parameters and the clini-
cal efficacy, are AUC/MIC, C,,,/MIC u
T>MIC (duration of time that plasma an-
tibiotic concentration exceeds MIC) as
well as MIC (Aliabadi & Lees, 2002;
McKellar, 2002; Toutain, 2002; Toutain
et al., 2002). The fluoroquinolone doses,
ensuring a ratio Cp,/MIC > 3, result in
99% reduction in bacterial counts (Alia-
badi and Lees, 2001). AUC/MIC values <
125 require a longer time for elimination
of bacteria (Aliabadi and Lees, 2001). The
aim in quinolone use is to achieve a high
Chax for a short time. That is why the sin-
gle administration of high doses per 24 h
is recommended (Sarasola et al., 2002).
The risk of appearance of resistance in
Gram-negative microorganisms is in-
creased if the ratios AUC.,4/MIC > 100
and C,,/ MIC > 8 are not attained
(Schentag et al., 2001). The information
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about PK/PD parameters and their valida-
tion is still based on human clinical ex-
perience and the data in domestic animals
are few (Toutain, 2003). Considering the
species-related  features of birds (ana-
tomical, raising technologies etc.) the di-
rect application of PK/PD parameters
established in other animal species is not
advisable and requires investigation of
optimal values in cocks, hens and turkeys
(Lees and Aliabadi, 2002).

The pharmacokinetics of enrofloxacin
is studied in chickens (Conzelman et al.,
1987; Anadon et al, 1995; Garcia
Ovando et al. 1999; Knoll et al., 1999;
Korchi ef al., 2003) and at a lesser extent
in turkeys (Bailey et al., 1997) following
intravenous and oral administration. The
data in turkeys are few and do not permit
the performance of a satisfactory therapy.
Therefore, the aim of the present study
was to study the pharmacokinetics of en-
rofloxacin in turkeys and to determined
the PK/PD parameters AUC 4,/MICy
and C,,/MICy, of enrofloxacin in healthy
turkeys, cocks and hens.

MATERIALS AND METHODS

Drug

Enrofloxacin - 2.5 % injectable solution
in 100 mL flasks (Syvaquinol 2.5% injec-
table solution, Syva Laboratorios, Leon,
Spain) and substance, provided from Bio-
vet Ltd — Peshtera, Bulgaria.

Experimental animals

The studies were performed in healthy
animals: 3 cocks and 3 hens from the Ere-
bati breed at the age of 6 months weigh-
ing 2.27-3.63 kg; 6 turkeys (BUT 9 hy-
brids) at the age of 4 months, weighing
5.5-8.4 kg. The birds were provided from
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the Stara Zagora Experimental Base of the
Animal Breeding Institute — Kostinbrod.

The experimental animals (marked
with colour markers) were under uniform
conditions of housing and feeding, ac-
cording to the species’ requirements one
week prior to the trials and to the end of
the study. The hens and cocks were
housed in groups of 3 in cages, conform-
ing to the standard conditions and provid-
ing the necessary space. The turkeys were
housed in metal cages in groups of 6 un-
der conditions identical to those in the
turkey-breeding farm. The birds received
a standard diet (not supplemented with
coccidiostatic) and free access to drinking
water.

Experimental design

All experiments were performed between
7:30 and 8:30 h AM. Each treatment was
followed by a washout period of 15 days.
A cross-over design was employed. The
intravenous treatment was done in v.
brachialis. The intraingluvial administra-
tions was performed via an elastic tube.
Blood samples were obtained from wv.
brachialis (in case of i.v. treament, from
the respective contralateral vein).

The enrofloxacin was applied i.v. (at
2.5 mg/kg) and p.o. (at 5 mg/kg) in tur-
keys, cocks and hens as the 2.5 % in-
jectable solution. Blood samples were
collected prior to drug application and by
post treatment hours 0.083, 0.25, 0.5, 1, 2,
4,6, 8, 10 and 24 h. In the oral admistra-
tion trial, samples were obtained prior to
the treatment and 0.25, 0.5, 0.75, 1, 1.5, 2,
3,4, 6,8, 10 and 24 h after the drug ad-
ministration.

The blood samples of 1 mL were al-
lowed to clot at room temperature for 2 h.
The sera were separated via centrifugation
at 1500 rpm for 15 min and stored in plas-
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tic tubes at —20 °C until analysis, that took
place not later than 48 h after sampling.

Drug assay

The enrofloxacin concentrations and those
of its active metabolite ciprofloxacin were
determined as a sum via a microbiological
assay. Escherichia coli ATCC 25922 was
used as test-microorganism (nutrient me-
dium —meat peptone agar, supplied by the
National Research Institute of Infectious
and Parasitic Diseases, Sofia). The limit
of quantitative determination  of the
method in serum was 0.01 pg/mL. The
concentrations of standard solutions of
enrofloxacin were 5, 2.5, 1.25, 0.625,
0.312, 0.156, 0.078, 0.039, 0.019 and
0.01 pg/mL. The r* of standard serum
curves was 0.9952. The recovery percent-
age was 94.38 %, the intra-assay CV —
6.78 and the inter-assay CV — 9.72. The
standard solutions were prepared with sera
obtained from intact animals of the re-
spective species.

Pharmacokinetic analysis

A non-compartmental analysis was used.
The pharmacokinetic parameters of enro-
floxacin and its active metabolite, cipro-
floxacin, were calculated with the
WinNonlin 4.0.1 software (Pharsight Cor-
poration, 800 West El Camino Real,
Mountain View, CA, USA). The pharma-
cokinetic parameters were calculated in-
dividually for each animal and presetned
as mean * standard deviation.

The following parameters were deter-
mined: the hybrid rate constant for the
elimination phase (), obtained from the
terminal part of the drug-concentration
time curve; the elimination half-life (t;p),
the area under the drug concentration-time
curve (AUC.,), calculated according to
the linear trapezoidal rule with extrapola-
tion to infinity. In cocks and hens the area
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under the drug concentration-time curve
was also calculated between 0 and 10 h
after the oral drug administration, and in
turkeys it was also calculated between 0
and 24 h and these values were used to
estimate Pk/Pd surrogates. Also, the vol-
ume of distribution (Vd,.,) (on the basis
of the area under the curve), the total body
clearance (Clp), the steady-state volume of
distribution (V), the maximum serum
concentrations (Cyy), the time of C.
(Tiax), the mean residence time (MRT)
were determined.

For the oral route of administration,
the bioavailability (F) was calculated as

absoo_ im x Uiv iv im)-
Far% = (AUCim x Din)(AUC;,XDjn). 100

Determination of minimal inhibitory con-
centrations (MIC)

The in vitro sensitivity to enrofloxacin
was tested on 25 Salmonella gallinarum
pullorum, 3 Salmonella enteritidis and 23
Escherichia coli strains. Strains were iso-
lated via cultivation of faecal samples,
obtained from turkeys and hens, on both
selective and differentiating nutrient me-
dia: deoxycholate citrate agar, McCon-
key’s agar and selenite broth (Bul Bio,
Sofia, Bulgaria) The cultivation was done
at 37 °C for 24-48 h. The colonies were
biochemically identified via routine meth-
ods and the Sceptor — BBL automated
system (Becton Dickinson, Sparcs, MD,
USA) — Enteric Panel MIC/ID. The sero-
logical typization of serovars was done
with the reaction agglutination, type Gru-
ber, using agglutination serums (Bul Bio,
Sofia, Bulgaria). The MIC was deter-
mined after serial dilutions in agar with
enrofloxacin concentrations between 0.25
to 32 mg/L. The strains were determined
as susceptible, intermediate and resistant
according to NCCLS 2000 Guidelines
(Murray et al., 1995).
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Statistical analysis

The data were statistically processed by
the Wilcoxon’s test (Statistica 6.1; Stat-
Soft, Inc., USA, 2002).

RESULTS

Detectable serum concentrations of enro-
floxacin and its primary metabolite —
ciprofloxacin, were observed up to post
i.v. administrations hour 24 in both avian
species (Fig. 1 and Fig. 2). They had simi-
lar values in turkeys as well as in cocks
and hens and following oral administra-
tion, serum concentrations were detected
by hour 0.25 h. C,,, were observed by
post treatment hour 3 in turkeys (Fig. 1).
In cocks and hens there was not a distinct
peak and serum levels between hours 0.75
and 3 were comparable (Fig. 2). The
pharmacokinetic parameters are presented
in Table 1.

The minimal inhibitory concentrations
(MICyy) for E. coli (n=23) and Salmonella
spp. (n=28) were 0.5 pg/mL. Six E. coli
isolates that exhibited growth at concen-
trations > 4 pg/mL were considered as
resistant. No resistant Salmonella spp.
were found out, considering , the levels of
>1 pg/mL as break point for resistance.
The C,.x/MICy, values, the area under the
inhibitory concentrations (AUIC) and the
time when serum enrofloxacin levels were
higher that the MICy of E. coli and Sal-
monella spp., calculated using with the
pharmacokinetic parameters following
single oral administration and by simula-
tion following repeated administration, are
presented in Table 2. The data for Ci,/
MICy, ratios showed that following oral
enrofloxacin administration, levels higher
than MICy, were maintained for 3.5 h and
5.5 h in turkeys and in cocks and hens,
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Fig. 1. Serum enrofloxacin concentrations (enrofloxacin and ciprofloxacin) in turkeys (n=6)
following single i.v. administration at 2.5 mg/kg (—o—) and p.o. administration at 5 mg/kg (—x-).
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Fig. 2. Serum enrofloxacin concentrations (enrofloxacin and ciprofloxacin) in cocks and hens
(n=6) following single i.v. administration at 2.5 mg/kg (-o—) and p.o. administration at 5 mg/kg
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Table 1. Pharmacokinetic parameters of enrofloxacin following intravenous (at 2.5 mg/kg)
and oral (at 5 mg/kg) administration in turkeys (n=6) and cocks and hens (n=6)

Pharmacokinetic

Turkeys Cocks and hens
parameters
Non-compartmental model —i.v.
B (b 0.12 £0.03 0.129 +£0.02
tiop (h) 6.05 +£1.83 5.54 £1.07
tipp (h)* 5.66 5.39
MRT (h) 8.32 +£2.33 6.99 £1.05
Vdea (L/kg) 4.23 £0.98 5.11 £0.86
Vs (L/kg) 4.06 £0.94 4.55 £1.08
Clg (mL/min.kg) 8.36 £2.03 11.11 £3.26
AUC., (Mg.h/mL) 5.22 £1.16 4.06 £1.28
Non-compartmental model —p.o.
B' (b 0.13 +0.06 0.144 +0.03
tip (h) 5.98 £2.03 4.92 +£0.94
tip (h)* 5.25 4.78
T max () 2.29 +£0.90 1.71 £1.12
Chax (Ug/mL) 0.87 £0.20 0.99 +£0.34
MRT (h) 8.67 £2.45 7.59 £1.35
AUCy, (Mg.h/mL) 6.74 £1.88 6.22 £2.10
AUCO_24h or 0-10h (ugh/mL) 6.40 £1.60 6.22 £2.10**
F (%) 69.85 +30.85 87.94 £49.53

B — terminal (elimination) rate constant; t,,s — terminal elimination half-life; *t,,3 — harmonic mean;
MRT — mean residence time; Vgueq, and Vg — apparent volume of distribution and steady-state vol-
ume of distribution; Clg — total body clearance; AUC — area under the serum concentration-time
curves for serum from 0 to « and from 0 to 24 h; C,,, — maximum serum concentrations, T .. —
time of C,,,;, F — bioavailability; ** AUC (.;o, — the AUC value in cocks and hens was calculated to
the moment of determination of the last detectable blood concentrations, 10 h following p.o. admini-
stration of enrofloxacin.

Table 2. PK/PD parameters following single p.o. administration of enrofloxacin (at 5
mg/kg) in turkeys and cocks and hens and calculated on the basis of simulated repeated
administration

Turkeys Cocks and hens
PK/PD Sinale Simulation of Sinale Simulation of
parameters oIngie repeated admini- SINgIe repeated admini-
administration stration administration strafion
AUIC (h) 12.8 11.5 12.4 14.9
Cran/MICog 1.7 1.6 2.0 2.0
Tmice (h) ND 3.5 ND 5.5

AUIC (h) — area under the inhibitory concentration-time curve; C.,/MICyy — maximal serum
concentration-to-MICy, ratio; Tmicy, (h) —time during which enrofloxacin concentrations exceeded
the MICyy; ND — not determined.
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respectively (Table 2). C,../MICy, values
calculated on the basis of summarized
enrofloxacin and ciprofloxacin levels fol-
lowing single application of enrofloxacin,
were similar to those obtained after simu-
lation of repeated administration. In cocks
and hens they were insignificantly higher.
AUIC values following single application
of enrofloxacin in turkeys, cocks and hens
were almost identical. The AUIC values
in cocks and hens obtained via simulation
after repeated application were increased.

DISCUSSION

The reported data of enrofloxacin pharma-
cokinetics following intravenous admini-
stration in fowls were obtained via
microbiological and HPLC assays for
serum concentrations determination. The-
refore, the t;,3 values for i.v. adminis-
tered enrofloxacin in chickens are consid-
erably variable: when HPLC methdos
were used (Anadon et al., 1995; Garcia
Ovando et al., 1999; Knoll et al., 1999)
the t;ppranged between 6.7 and 10.3 h,
whereas the microbiological assay yielded
tipp values of 18.7 h (Conzelman et al.,
1987). The elimination half-life of i.v.
administered enrofloxacin in turkeys was
4—6 h (Bailey et al., 1997) — values, com-
pletely identical to our. The data about
tipp in avian species, studied by us, were
close to the lowest values calculated for
this parameter and no statistical differ-
ences were present between turkeys,
cocks and hens (p=0.46). Knoll et al
(1999) reported a Vd,., of 3.9 L/kg and
total body clearance of 10.3 mL/min.kg in
broiler chickens. Our data were similar.
Lower Clg values were communicated in
chickens (3.30 mL/min.kg) by Garcia
Ovando et al. (1999).

The peak serum concentrations of en-
rofloxacin following p.o. administration
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were insignificantly lower in turkeys
(p=0.46) and were attained statistically
insignificantly later (p=0.47) compared to
those in cocks and hens . The T, values
obtained by us were close to cited litera-
ture data (Anadon et al. 1995; Knoll et al.
1999). Following oral administration, the
data about t;,3 in chickens were different
again. The values calculated on the basis
of concentrations determined via HPLC or
microbiological assays, were between 6.6
and 14.2 h (Anadon et al., 1995; Knoll et
al., 1999) and 14.9 h (Conzelman ef al.,
1987), respectively. Our data were closer
to the lowest among cited references. The
tinp in turkeys, observed by us, was in-
signficantly longer than that in cocks and
hens (p=0.35) and was within the range
observed by Bailey et al. (1997):
tiop from 4 to 6 h. The F values after oral
application of 10 mg/kg enrofloxacin to
chickens, published by Anadon et al
(1995) and Knoll er al (1999) were
betwen 64% and 89.2%. Our bioavailabil-
ity value in cocks and hens (87.94 %) was
within the cited range whereas the values
in turkeys were lower, yet statistically
insignificantly (69.85 %; p=0.35). Our
data in this avian species were comparable
to reprted ones and permit us to assume
that the behaviour of enrofloxacin in tur-
keys and in cocks and hens was not quite
different.

The effect of fluorochinolones is dose-
dependent and therefore, C,,/MIC and
AUIC are considered as the most impor-
tant PK/PD parameters, being in the clos-
est correlation with the efficacy (Toutain
et al., 2002; McKellar, 2002). The
Ciax/MICyy values in turkeys and cocks
and hens following p.o. adminsitration of
enrofloxacin at the dose of 5 mgkg
showed that the applied dose was rather
low for the treatment of E. coli and Sal-
monella spp. infections with MIC 0.5
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Mg/mL. The precondition C,,,/MIC>3,
that would result in 99% reduction of bac-
terial coutns was not accomplished (Alia-
badi and Lees, 2001). Moreover, because
of the fact that a ratio of C,,/MIC>8 is
not attained, there is a risk of appearance
of resistance in Gram-negative miroorgan-
isms (Schentag et al., 2001). This dose
would be suitable for treatment of infec-
tions caused by very sensitive microorgan-
isms with MIC 0.015 pg/mL, where
Chax/MIC and AUC/MIC would range
between 58—66 and 414.7— 426.7 h, re-
spectively. In this case, the opinion of
Anadon & Martinez-Larranaga (2002)
that the oral administration of quinolones
leads to potentially therapeutical plasma
concentrations  against Gram-negative
bacteria such as E. coli and Salmonella
spp. would be true. This should be valid
for the oral enrofloxacin application in
turkeys as well. The C,,x/MICy, values in
cocks and hens and in turkeys were 2.0
and 1.6 respectively, thus presuming that a
postantibiotic effect could be expected no
more than one hour (Wang et al., 2003).

The low AUC(.,4/MIC values in tur-
keys and cocks and hens allow to admit
that the applied dose could not guarantee
the elimination of pathogenic E. coli and
Salmonella spp.. Because of the fact that
attained AUC ,4/MIC was not higher than
100125, there is a risk of appearance of
resistance in Gram-negative bacteria as
well as of cross resistance (Schentag et
al., 2001). The E. coli infection in chick-
ens and turkeys could commonly result in
septicaemia (Sarkozy et al., 2002). There-
fore, the AUC,4/MIC ratio should better
be over 125 h (Forrest et al., 1993; Craig,
1998; Anadon et al., 2001).

The data suggest that the non-valida-
ted use of quinolones as well as the inade-
quated dosage could contribute to the se-
lection and distribution of resistant E. coli
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and Salmonella spp. strains. This is a pos-
sible explanation of the relatively high
resistance of E. coli against enrofloxacin
in turkeys. The sensitivity of the strains
studied by us to enrofloxacin is low and
therefore, its oral adminsitration at 5
mg/kg would be particularly insufficient
for treatment of infections caused by or-
ganisms with MIC 0.5 pg/mL. On the ba-
sis of the formula for determination of the
optimal dosage regimen, proposed by
Toutain et al. (2002) — dose for 24 h =
(AUIC.Clgy4,.MIC)/F.24 h, exact doses
could be proposed. The calculated dosage
regimen for AUC/MIC=125 h and our
PK/PD parameters was 45 mg/kg orally
for 24 h in turkeys and 47 mg/kg orally
for 24 h in cocks and hens. Because of the
high MIC,, values, calculated doses are
relatively high that supports once again
the necessity of determination of MIC
every time when antibacterial drugs, in-
cluding quinolones, are to be administered
as well as when the most suitable chemo-
therapeutic drug has to be chosen. The
used approach of PK/PD integration re-
quires a further development in order to
use the obtained data in a prospect study
in spontaneously diseased birds or after
experimental infection. The data obtained
from such experiments would enable the
use of a rational choice of optimal dosage
regimens.
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