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ABSTRACT.	 This study aimed to analyze the pharmacokinetics of enrofloxacin (ERFX) and 
its metabolite ciprofloxacin (CPFX) in plasma, as well as their migration to, and retention in, 
the epithelial lining fluid (ELF) and alveolar cells within the bronchoalveolar fluid (BALF). Four 
healthy calves were subcutaneously administered a single dose of ERFX (5 mg/kg). ERFX and 
CPFX dynamics post-administration were analyzed via a non-compartment model, including the 
absorption phase. The Cmax of plasma ERFX was 1.6 ± 0.4 µg/ml at 2.3 ± 0.5 hr post-administration 
and gradually decreased to 0.14 ± 0.03 µg/ml at 24 hr following administration. The mean 
residence time between 0 and 24 hr (MRT0–24) in plasma was 6.9 ± 1.0 hr. ERFX concentrations in 
ELF and alveolar cells peaked at 3.0 ± 2.0 hr and 4.0 ± 2.3 hr following administration, respectively, 
and gradually decreased to 0.9 ± 0.8 µg/ml and 0.8 ± 0.5 µg/ml thereafter. The plasma half-life 
(t1/2) of ERFX was 6.5 ± 0.7 hr, while that in ELF and alveolar cells was 6.5 ± 3.6 and 7.4 ± 4.3 hr, 
respectively. The Cmax and the area under the concentration-time curve for 0–24 hr for ERFX 
were significantly higher in alveolar cells than in plasma (P<0.05). These results suggest that ERFX 
is distributed at high concentrations in ELF and is retained at high concentrations in alveolar 
cells after 24 hr in the BALF region; hence, ERFX may be an effective therapeutic agent against 
pneumonia.
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Mycoplasma spp. and other bacterial pathogens can infect the respiratory system in calves, causing potentially severe, adverse 
effects to their development and life expectancy [1], thus, presenting a major challenge in veterinary medicine [2]. Numerous 
cases of calf respiratory diseases have been classified as alveolar pneumonia [2]. Accordingly, the treatment of alveolar 
pneumonia requires an antibacterial agent with adequate distribution to the intrapulmonary region, including alveolar or BALF 
fluid. Enrofloxacin (ERFX) is a quinolone-based agent with broad-spectrum antimicrobial activity against pathogens commonly 
associated with bovine respiratory diseases [5, 19, 22, 29]. However, to determine if ERFX is an effective treatment for alveolar 
pneumonia, its pharmacokinetics and intrapulmonary distribution must first be characterized. Furthermore, an intrapulmonary 
ERFX concentration reaching the upper limit of the minimum inhibitory concentration (MIC) for the target pathogen should be 
achieved [22, 29].

We previously reported the distribution of ERFX in plasma, pulmonary epithelial lining fluid (ELF), and cells in the 
bronchoalveolar fluid (BALF; alveolar cells) through analysis of BALF samples following subcutaneous administration to healthy 
calves [25]. However, we previously investigated only short-term ERFX distribution and did not clarify the dynamics of the ERFX 
concentration in detail. Accordingly, this study aimed to elucidate the chronological dynamics in ERFX concentration in plasma, 
ELF, and alveolar cells by analyzing blood and BALF samples obtained from calves. For pharmakokinetic (PK) analysis, we 
targeted ERFX and its metabolite ciprofloxacin (CPFX) in each matrix to investigate their distribution from plasma to ELF and 
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alveolar cells.

MATERIALS AND METHODS

Four clinically healthy Holstein bull calves with body weights of 63.8 ± 5.2 kg (mean ± SD) were used herein. Sample 
collections were conducted five-weeks-old calves. This study was approved by the ethics committee of the Joint Faculty of 
Veterinary Medicine, Kagoshima University, and the animals were handled in accordance with the Guide for the Care and Use of 
Laboratory Animals of the Joint Faculty of Veterinary Medicine, Kagoshima University.

A single dose (5 mg/kg) of commercial ERFX (Baytril 5% injectable solution, Bayer, Tokyo, Japan) was subcutaneously 
administered to the neck of each calf. Thereafter, their body temperatures, heart rates, and respiratory rates were measured, and 
visual examinations were carried out at 0 (before administration), 2, 6, 10, and 24 hr post-administration.

Peripheral blood samples were collected from the jugular vein at 0 (before administration), 1, 2, 3, 6, 10 and 24 hr post-
administration, using heparinized Vacutainer tubes (VP-H050K, Terumo, Tokyo, Japan), and Vacutainer tubes (VP-NA052K, 
Terumo) treated with dipotassium ethylenediaminetetraacetic acid (EDTA-2AK). Blood collected in heparinized tubes was 
centrifuged to obtain plasma, which was stored at −80°C until analysis. Blood collected in EDTA-2AK-treated tubes was analyzed 
for white blood cells (WBCs), red blood cells (RBCs), hemoglobin (Hb) and hematocrit (Ht) using an automated cell counter (Poch-
100iv, Sysmex, Kobe, Japan) within 1 hr of collection. Blood collection time was determined according to that reported in a previous 
method [25]. Additionally, the 3, 6, 10, and 24 hr time points were included to accurately assess the PK parameter in blood.

BALF was collected at 0 (before administration), 2, 6, 10, and 24 hr post-administration, using a flexible electronic endoscope 
(VQ TYPE 5112B, Olympus, Tokyo, Japan). The lower airway of each animal was prepared for bronchoscopy with 2% lidocaine. 
A flexible electronic endoscope was inserted into a sub-segment of each lobe. Two 30 ml aliquots of sterile 0.9% normal saline 
solution were injected into the lobe and immediately aspirated. BALF obtained during the second aspiration was pooled with that 
obtained from the first.

BALF was collected from three sites in both the left and the right lobes, totaling six sites per calf (right middle lobe, third 
bronchiole of the right caudal lobe, fifth bronchiole of the right caudal lobe, second bronchiole of the left caudal lobe, third 
bronchiole of the left caudal lobe, and fifth bronchiole of the left caudal lobe). BALF was promptly transported to a laboratory for 
analysis. After the cell count was determined, a 1.5 ml aliquot of each BALF sample was centrifuged at 400 × g for 5 min. The 
supernatant and cell pellets were separated and frozen at −80°C until use.

ERFX concentrations and CPFX concentrations were measured via high-performance liquid chromatography with tandem mass 
spectrometry (LC/MS/MS), using a previously reported method [6, 25]. Plasma samples (100 µl) were diluted 10-fold with distilled 
water. Each BALF cell pellet was mixed with 0.5 ml of 1 mol sodium hydroxide for cell lysis and then mixed with 1.0 ml of 3% 
formic acid. Three-hundred microliters of each sample (diluted plasma, BALF supernatant, and lysed BALF cell pellet) was mixed 
with 60 µl of the internal standard (Lomefloxacin, Sigma-Aldrich, Tokyo, Japan; 300 ng/ml in 1% formic acid/methanol (4:1)) 
and 60 µl of methanol, using a previously reported method [6, 25]. Each sample (350 µl) was loaded into a solid-phase extraction 
column (Oasis HLB, Waters, Tokyo, Japan). The residue was dissolved in 250 µl of the mobile phase, and an aliquot (10 µl) of the 
extract was injected into the LC/MS/MS system (Prominence, Shimadzu, Kyoto, Japan; 4000 QTRAP, AB, Sciex, Tokyo, Japan). 
The detection limits for ERFX and CPFX were 0.001 µg/ml.

Once data for BALF analysis were obtained, ERFX concentrations were determined for ELF and alveolar cells using previously 
reported methods [12, 13]. The ERFX concentrations in ELF were calculated on the basis of the ERFX concentrations in BALF, as 
well as the plasma and BALF urea concentrations, using a previously reported method [25]. The alveolar cells ERFX concentration 
was determined on the basis of that in the alveolar cell pellet and the mean total alveolar cells obtained from each calf. In total, 
1.28 µl/106 alveolar cells were used on the basis of previous reports [12, 13]. To confirm the BALF cells fractions, prepare a 
cytospin smear (Cytospin4, Thermo Fisher scientific, Waltham, MA, USA) and follow the standard method, and counted 200 white 
blood cells.

PK parameters were determined for each animal after subcutaneous administration of ERFX at 5 mg/kg on the basis of ERFX 
and CPFX concentrations in plasma, ELF, and alveolar cells. ERFX and CPFX levels were determined using a non-compartment 
model (including the absorption phase). The area under the concentration-time curve between 0 and 24 hr (AUC0–24), and the area 
under the first moment curve between 0 and 24 hr (AUMC0–24) were determined using a linear trapezoidal method; meanwhile, 
the mean residence time between 0 and 24 hr (MRT0–24) was determined as AUMC/AUC. The terminal phase half-life (t1/2) was 
determined as 0.693/terminal slope.

Statistical analyses of data were conducted using analysis of variance (one-way ANOVA) followed by the Tukey-Kramer 
multiple comparison test to determine the differences in ERFX among three types of samples at the same sampling time point. 
Furthermore, ANOVA was used to determine the differences in ERFX among three types of PK parameters and AUC/MIC 
ratios. All statistical analyses were performed using the IBM SPSS Statistics 24 software (IBM, Tokyo, Japan), and P<0.05 was 
considered statistically significant. Data are shown as the mean ± SD.

RESULTS

The body temperature, heart rates, respiratory rates, as well as WBC, RBC, Hb, and Ht levels of each calf did not fluctuate 
significantly, and abnormal clinical findings were not recognized by visual inspection throughout the study.
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The BALF recovery rates, before administration, and at 2, 6, 10, 24 hr post-administration were 43.3 ± 8.2, 44.4 ± 8.3, 47.9 ± 
6.9, 42.9 ± 4.8 and 41.7 ± 5.8%, respectively. Hence, the BALF recovery rate was essentially unchanged. Similarly, the recovery 
rate of alveolar cells did not significantly change before administration, and at 2, 6, 10, 24 hr post-administration with values of 
38.7 ± 12.8, 36.6 ± 10.3, 37.1 ± 12.9, 38.2 ± 11.1, and 37.8 ± 13.2 (×105/ml) detected, respectively. In all specimens of the BALF 
cell smear, as for the compartmentation, 95% or more were macrophages.

ERFX concentrations in plasma, ELF, and alveolar cells are shown in Fig. 1. The corresponding PK parameters are shown in 
Table 1. Plasma ERFX concentrations peaked (Cmax ; 1.6 ± 0.4 µg/ml) at 2.3 ± 0.5 hr after subcutaneous administration and 
decreased to 0.14 ± 0.03 µg/ml gradually thereafter. The ERFX distribution was in accordance with a non-compartment model, 
including the absorption phase. ELF and alveolar cells EFRX concentrations peaked at 3.0 ± 2.0 hr (Cmax: 10.4 ± 2.0 µg/ml) 
and 4.0 ± 2.3 hr (Cmax: 5.9 ± 2.1 µg/ml) after administration, respectively, and decreased to 0.9 ± 0.8 and 0.8 ± 0.5 µg/ml, 
respectively, gradually thereafter (Fig. 1).

Additionally, the Cmax in ELF and alveolar cells was significantly higher than that in the plasma (P<0.05), and that in ELF 
was significantly higher than in alveolar cells (P<0.05). Moreover, the Tmax in plasma, ELF, and alveolar cells were 2.3 ± 0.5, 
3.0 ± 2.0, and 4.0 ± 2.3 hr (Table 1), respectively. The ERFX concentration in ELF and alveolar cells at 2 hr was significantly 
higher than that in the plasma (P<0.05), and the ERFX concentration in alveolar cells was significantly higher than that in the ELF 
(P<0.05). Similarly, the ERFX concentration in ELF at 6 hr was significantly higher than that in the plasma (P<0.05), and that in 
alveolar cells at 24 hr was significantly higher than in the plasma (P<0.05). Furthermore, the AUC0–24 in plasma, ELF, and alveolar 
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Fig. 1.	 Concentrations of enrofloxacin in plasma, epithelial lining fluid (ELF), and alveolar cells 0 to 24 hr after a single subcutaneous dose of 
enrofloxacin (5 mg/kg) in calves. Data are shown as the mean ± SD. Values with the different letters indicate significant differences among 
each region at the same sampling time (a–b, c–d: P<0.05). Maximum of the minimum inhibitory concentration (MIC), MIC of Mycoplasma 
bovis (Harada et al. [15]).

Table 1.	 Pharmacokinetics parameters of enrofloxacin (ERFX) in plasma, epithelial lining fluid (ELF), and bronchoalveolar 
fluid (BALF) cells following single subcutaneous dose (5 mg/kg) of ERFX (5% formulation) in calves

PK Parameters Plasma ELF Alveolar cells
Cmax (µg/ml) 1.6 ± 0.4a) 10.4 ± 2.0b,c) 5.9 ± 2.1b,d)

Tmax (hr) 2.3 ± 0.5 3.0 ± 2.0 4.0 ± 2.3
AUC0–24 (µg∙hr2/ml) 14.2 ± 1.1a) 92.3 ± 34.0b) 70.0 ± 25.2b)

AUMC0–24 (µg∙hr2/ml) 99.6 ± 21.1a) 646.9 ± 278.6b) 580.0 ± 212.3b)

MRT0–24 (hr) 6.9 ± 1.0 6.9 ± 1.5 8.3 ± 0.9
t1/2 (hr) 6.5 ± 0.7 6.5 ± 3.6 7.4 ± 4.3

Data are shown as the mean ± SD. AUC: area under the concentration-time curve; AUMC: area under the first moment curve; Cmax: peak 
concentration; Tmax: time to Cmax; t1/2: half-life; MRT: mean residence time. Values with the different letters indicate significant differences 
among each region in PK parameters (a–b, c–d: P<0.05).
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cells were 14.2 ± 1.1, 92.3 ± 34.0, and 70.0 ± 25.2 µg∙hr/ml (Table 1), respectively, with that in ELF and alveolar cells significantly 
higher than that in the plasma (P<0.05). The AUMC in plasma, ELF, and alveolar cells were 99.6 ± 21.1, 646.9 ± 278.6, and 580.0 
± 212.3 µg∙hr2/ml (Table 1), respectively, with that in ELF and alveolar cells significantly higher than that in the plasma (P<0.05). 
The MRT0–24 in plasma, ELF, and alveolar cells were 6.9 ± 1.0, 6.9 ± 1.5, and 8.3 ± 0.9 hr, respectively; however, no statistical 
differences were observed. The t1/2 in plasma, ELF, and alveolar cells were 6.5 ± 0.7, 6.5 ± 3.6, and 7.4 ± 4.3 hr, respectively; 
however, no statistical differences were observed.

CPFX concentrations in plasma, ELF, and alveolar cells are shown in Fig. 2. The corresponding PK parameters in plasma, ELF, 
and Alveolar cells are shown in Table 2. Results show that plasma CPFX levels peaked (Cmax: 0.4 ± 0.09 µg/ml) at 5.3 ± 1.5 hr 
post-administration and gradually decreased to 0.06 ± 0.02 µg/ml thereafter. The CPFX distribution formed a non-compartment 
model, including the absorption phase. CPFX concentrations peaked in ELF and alveolar cells at 5.0 ± 3.8 hr (Cmax: 0.4 ± 0.06 
µg/ml) and 4.0 ± 2.3 hr (Cmax: 1.1 ± 0.2 µg/ml), respectively, post-administration and gradually decreased to 0.1 ± 0.07 and 0.4 ± 
0.3 µg/ml, respectively, thereafter (Fig. 2).

The Cmax and Tmax in alveolar cells were longer than those in the plasma and ELF. Moreover, the CPFX concentration in 
alveolar cells at 2 hr was significantly higher than that in the plasma and ELF (P<0.05). Meanwhile, the CPFX concentration in 
alveolar cells at 6 hr was significantly higher than that in the plasma (P<0.05). AUC0–24 in plasma, ELF, and alveolar cells were 5.2 
± 0.6, 5.1 ± 0.4, and 14.1 ± 3.1 µg∙hr/ml (Table 2), respectively, with that in alveolar cells significantly higher than in the plasma 
and ELF (P<0.05). Similarly, the AUMC in plasma, ELF, and Alveolar cells were 43.9 ± 4.1, 52.5 ± 10.5, and 144.5 ± 49.8 µg∙hr2/
ml (Table 1), respectively. The MRT0–24 in plasma, ELF, and alveolar cells were 8.5 ± 1.0, 10.2 ± 1.9, and 10.1 ± 1.9 hr, 
respectively; however, no statistical differences were observed. The t1/2 in plasma, ELF, and alveolar cells were 6.1 ± 1.5, 10.6 ± 
1.5, and 16.9 ± 11.1 hr (Table 2), respectively, with that t1/2 in ELF significantly longer than that in plasma (P<0.05).
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Fig. 2.	 Concentrations of ciprofloxacin (as metabolite) in plasma, epithelial lining fluid (ELF), and alveolar 
cells 0 to 24 hr after a single subcutaneous dose of enrofloxacin (5 mg/kg) in calves. See Fig. 1 for key.

Table 2.	 Pharmacokinetics parameters of ciprofloxacin (CPFX) in plasma, epithelial lining fluid (ELF), and bronchoalveolar 
fluid (BALF) cells following a single subcutaneous dose (5 mg/kg) of enrofloxacin (ERFX) (5% formulation) in calves

PK parameters Plasma ELF Alveolar cells
Cmax (µg/ml) 0.4 ± 0.09a) 0.4 ± 0.06a) 1.1 ± 0.2b)

Tmax (hr) 5.3 ± 1.5 5.0 ± 3.8 4.0 ± 2.3
AUC0–24 (µg∙hr2/ml) 5.2 ± 0.6a) 5.1 ± 0.4a) 14.1 ± 3.1b)

AUMC0–24 (µg∙hr2/ml) 43.9 ± 4.1 52.5 ± 10.5 144.5 ± 49.8
MRT0–24 (hr) 8.5 ± 1.0 10.2 ± 1.9 10.1 ± 1.3
t1/2 (hr) 6.1 ± 1.5a) 10.6 ± 1.5b) 16.9 ± 11.1

AUC: area under the concentration-time curve; AUMC: area under the first moment curve; Cmax: peak concentration; Tmax: time to Cmax; 
t1/2: half-life; MRT: mean residence time. Values with the different letters indicate significant differences among each region in PK parameters 
(a–b: P<0.05).
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DISCUSSION

Herein, PK analysis revealed a higher Cmax and longer Tmax for both ERFX and CPFX in plasma than previously reported by 
de Lucas et al. [8]. Furthermore, the AUC0–24 for both ERFX and CPFX in plasma was higher, and the t1/2 and MRT0–24 in plasma 
for both ERFX were longer than that previously reported [8]. However, although Shoaf et al. [31] reported changes in metabolic 
enzyme activity, such as cytochrome P-450, during the early developmental period, they used 2–3-month-old calves, while we used 
5-week-old calves for our study. Therefore, differences in the pk parameters of ERFX and CPFX could be due to age differences 
associated with metabolic capacity.

The ERFX distribution in the alveolar region was evaluated by comparing parameters between ELF, alveolar cells, and plasma. 
The AUC0–24 and Cmax in the ELF and alveolar cells were significantly higher than in plasma. Accordingly, we considered that 
ERFX administration to calves would potentially result in very high drug distribution to the alveolar region. Moreover, since the 
t1/2 in plasma, ELF, and alveolar differed, that of plasma, ELF, and alveolar cells did not achieve steady-state values.

Next, the CPFX distribution in the alveolar region was similarly evaluated, and results show that AUC0–24 and Cmax in alveolar 
cells were statistically more significant than that in plasma and ELF. These results suggest that only relatively small quantities of 
CPFX are distributed to the alveolar region following subcutaneous ERFX administration to calves. Moreover, since the t1/2 was 
significantly longer in ELF compared to in plasma, that for ELF achieved steady-state values.

Conversely, new quinolone-based antimicrobial agents are rapidly taken up by macrophages, with the relevant drug 
concentrations reportedly higher in the cellular fractions than in the tissue [7, 16, 27]. Furthermore, the neutrophil extracellular 
trap phenomenon is enhanced by ERFX. Such drugs are incorporated into neutrophils, and its bactericidal activity is strengthened 
[17, 20]. Our results demonstrated that ERFX and CPFX concentrations were higher in alveolar cells than in plasma, suggesting 
a strong antibacterial effect against invading microbes, a possibility supported by the high ERFX and CPFX concentrations in 
phagocytic cells collected from sites of inflammation.

Treatment of infectious diseases requires identification of the affected organs and tissues, and the relevant pathogen and 
therapeutic strategies are decided on the basis of these findings. In cases of pneumonia, the prediction of the antimicrobial effect of 
the agent is required, which is based on both effective PK and phamacodynamic (PD) analyses. Such combined PK/PD approaches 
have been widely used in clinical practice [3]. Blood levels of antimicrobial agents at the level of the MIC may deter bacterial 
proliferation; however, they are not necessarily sufficient for therapy. For instance, if the host immune system is compromised, 
resistant bacteria may emerge even though most bacteria are killed at drug levels similar to the MIC, implying the requirement for 
a higher MIC. An increase in the MIC also requires the administration of additional doses of the antimicrobial agent, potentially 
yielding further strains of resistant bacteria. This vicious cycle ultimately renders antimicrobial agents ineffective. In human 
medicine, microbial agents should thus be administered at a higher concentration, the mutation prevention concentration (MPC), to 
eliminate bacteria, including resistant bacteria generated by mutations due to drug administration at doses approaching the MIC [9]. 
The same approach is being adopted in veterinary medicine [14, 23, 26, 28].

Basic parameters for predicting the effects of clinical treatment for PK/PD are Cmax/MIC and AUC/MIC ratios, and the 
duration beyond the MIC (% T>MIC) [3, 26, 28]. Aminoglycosides and quinolone-based drugs (concentration-dependent systems) 
reportedly display a correlation between antimicrobial effects and the Cmax/MIC or AUC/MIC ratio, while β-lactam drugs 
reportedly exhibit a correlation between antibacterial effects and the % T>MIC period prior to the dosing interval [3]. Since new 
quinolone-based drugs have concentration-dependent effects, parameters should be selected in accordance with the treatment 
effect [4, 24, 32], prevention of the acquisition of bacterial drug resistance [10, 18, 33], and cost-effectiveness [30]. Accordingly, 
the Cmax/MIC ratio and AUC/MIC ratio are useful indicators in PK/PD analysis. AUC/MIC ratios for gram-negative bacteria 
in human medicine range from 100–105, and the corresponding Cmax/MIC ratio ranges from 8–10 [4, 11, 24, 32]. However, 
McKellar et al. [23] recommend a Cmax/MIC ratio of at least 10, and an AUC/MIC ratio of at least 125 for concentration-
dependent antimicrobial agents in veterinary medicine.

The PK parameters used herein include the AUC0–24. The MICs of ERFX for the three target pneumonia-inducing bacteria 
Pasteurella multocida (P. multocida), Mannheimia haemolytica (M. haemolytica) [15], and Mycoplasmabovis (M. bovis) [34] 
were obtained from health research on cattle in Japan as PD parameters. The MICs of P. multocida, M. haemolytica, and M. bovis 
were 0.12, 0.5, and 1.0 µg/ml, respectively. The ratios of MIC to AUC0–24 (AUC/MIC) in each region of each bacterial species 
are shown in Table 3. The ratios of MIC to AUC0–24 (AUC/MIC) were evaluated, and the therapeutic effect against each bacterial 
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Table 3.	 Area under the concentration-time curve between 0 and 24 hr/minimum inhibitory concentration (MIC)90 
ratio for enrofloxacin (ERFX) following a single subcutaneous dose of ERFX, using MIC90 values of 0.12, 0.5 
and 1.0 µg/ml for Pasteurella multocida (P. multocida), Mannheimia haemolytica (M. haemolytica), and Myco-
plasmabovis (M. bovis), respectively

Bacteria name Plasma ELF Alveolar cells References
P. multocida 117.1 ± 7.4a) 842.8 ± 273.3b) 603.6 ± 294.1b)  [15]
M. haemolytica 28.1 ± 1.8a) 202.3 ± 65.6b) 144.9 ± 70.6b)  [15]
M. bovis 14.1 ± 0.9a) 101.1 ± 32.8b) 72.4 ± 35.3b)  [34]

ELF, epithelial lining fluid. Values with the different letters indicate significant differences among each region in each bacterial 
species (a–b: P<0.05).
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species was assessed. The AUC0–24/MIC ratios of these bacteria in plasma were below 125. The AUC0–24/MIC ratios of these 
bacteria in plasma was significantly lower than that in the ELF and alveolar cells (P<0.05). However, the AUC0–24/MIC ratio of P. 
multocida and M. haemolytica were beyond 125 for ELF and alveolar cells, with the ERFX exceeding the MPC in both ELF and 
alveolar cells. Therefore, ERFX was considered to have excellent antibacterial activity against P. multocida and M. haemolytica. 
Alternatively, the AUC0–24/MIC ratio for M. bovis was below 125 for ELF and alveolar cells. Moreover, ERFX was not found 
to exceed the MPC against M. bovis in ELF and alveolar cells. However, ERFX concentrations against M. bovis for ELF and 
alveolar cells at 24 hr post-administration were 0.9 ± 0.8 and 0.8 ± 0.5 µg/ml, respectively, suggesting that they exceeded the 
MIC approximately 24 hr after administration (Fig. 1). Since ERFX has a post-antibiotic effect (PAE) [21, 35], it seems that its 
antibacterial activity is maintained at 1.0 µg/ml or less. This result suggested that ERFX exceeds MIC at 24 hr in ELF and alveolar 
cells. Therefore, ERFX antimicrobial agents must exceed the MIC required for specific bacteria to exhibit antimicrobial activity. 
Specifically, antibacterial activity against M. bovis was achieved at concentrations higher than the MIC and lower than the MPC, 
which is a range referred to as the MSW (Mutant Selection Window) [14, 23, 26, 28], in which resistant bacteria are readily 
selected for and induced.

In PK/PD analysis, the AUC/MIC ratios in the alveolar region indicated that this regimen displayed therapeutic effects against 
P. multocida, M. haemolytica, and M. bovis. However, the elimination half-life in ELF and alveolar cells in this study was 6.5 ± 
3.6 hr and 7.4 ± 4.3. Moreover, although distribution to the alveolar region was adequate, a steady-state was not achievable with 
a single daily dose of ERFX at 5 mg/kg. Therefore, multiple doses should be administered. Future field measurements of MIC 
are needed for further investigation of treatment methods. In clinical practice, an antibiogram is generated for each farm, and 
a clinically therapeutic effect against these bacteria may be expected when its MIC is less than 1 µg/ml.

In this study, we measured the concentration of ERFX and CPFX (as metabolites) in plasma, ELF, and alveolar cells after 
subcutaneous administration of ERFX (5 mg/kg). PK parameter analysis suggested that this treatment was effective against various 
bacterial species. However, additional study is needed to clarify aspects such as the migration of ERFX in calves with pneumonia 
prior to the practical application of this treatment.

REFERENCES

	 1.	 Brown, S. A., Chester, S. T. and Robb, E. J. 1996. Effects of age on the pharmacokinetics of single dose ceftiofur sodium administered 
intramuscularly or intravenously to cattle. J. Vet. Pharmacol. Ther. 19: 32–38. [Medline]  [CrossRef]

	 2.	 Bryson, D. G. 1985. Calf pneumonia. Vet. Clin. North Am. Food Anim. Pract. 1: 237–257. [Medline]  [CrossRef]
	 3.	 Craig, W. A. 1998. Pharmacokinetic/pharmacodynamic parameters: rationale for antibacterial dosing of mice and men. Clin. Infect. Dis. 26: 1–10, 

quiz 11–12. [Medline]  [CrossRef]
	 4.	 Dalhoff, A. and Schmitz, F. J. 2003. In vitro antibacterial activity and pharmacodynamics of new quinolones. Eur. J. Clin. Microbiol. Infect. Dis. 22: 

203–221. [Medline]  [CrossRef]
	 5.	 Davis, J. L., Foster, D. M. and Papich, M. G. 2007. Pharmacokinetics and tissue distribution of enrofloxacin and its active metabolite ciprofloxacin 

in calves. J. Vet. Pharmacol. Ther. 30: 564–571. [Medline]  [CrossRef]
	 6.	 De Baere, S., Goossens, J., Osselaere, A., Devreese, M., Vandenbroucke, V., De Backer, P. and Croubels, S. 2011. Quantitative determination of 

T-2 toxin, HT-2 toxin, deoxynivalenol and deepoxy-deoxynivalenol in animal body fluids using LC-MS/MS detection. J. Chromatogr. B Analyt. 
Technol. Biomed. Life Sci. 879: 2403–2415. [Medline]  [CrossRef]

	 7.	 Deguchi, Y., Sun, J., Tauchi, Y., Sakai, S. and Morimoto, K. 2003. Distribution characteristics of grepafloxacin, a fluoroquinolone antibiotic, in lung 
epithelial lining fluid and alveolar macrophage. Drug Metab. Pharmacokinet. 18: 319–326. [Medline]  [CrossRef]

	 8.	 de Lucas, J. J., San Andrés, M. I., González, F., Froyman, R. and Rodríguez, C. 2008. Pharmacokinetic behaviour of enrofloxacin and its metabolite 
ciprofloxacin after subcutaneous administration in cattle. Vet. Res. Commun. 32: 275–279. [Medline]  [CrossRef]

	 9.	 Dong, Y., Zhao, X., Domagala, J. and Drlica, K. 1999. Effect of fluoroquinolone concentration on selection of resistant mutants of Mycobacterium 
bovis BCG and Staphylococcus aureus. Antimicrob. Agents Chemother. 43: 1756–1758. [Medline]  [CrossRef]

	10.	 Firsov, A. A., Vostrov, S. N., Lubenko, I. Y., Drlica, K., Portnoy, Y. A. and Zinner, S. H. 2003. In vitro pharmacodynamic evaluation of the mutant 
selection window hypothesis using four fluoroquinolones against Staphylococcus aureus. Antimicrob. Agents Chemother. 47: 1604–1613. [Medline]  
[CrossRef]

	11.	 Forrest, A., Nix, D. E., Ballow, C. H., Goss, T. F., Birmingham, M. C. and Schentag, J. J. 1993. Pharmacodynamics of intravenous ciprofloxacin in 
seriously ill patients. Antimicrob. Agents Chemother. 37: 1073–1081. [Medline]  [CrossRef]

	12.	 Giguère, S., Huang, R., Malinski, T. J., Dorr, P. M., Tessman, R. K. and Somerville, B. A. 2011. Disposition of gamithromycin in plasma, 
pulmonary epithelial lining fluid, bronchoalveolar cells, and lung tissue in cattle. Am. J. Vet. Res. 72: 326–330. [Medline]  [CrossRef]

	13.	 Gotfried, M. H., Danziger, L. H. and Rodvold, K. A. 2001. Steady-state plasma and intrapulmonary concentrations of levofloxacin and ciprofloxacin 
in healthy adult subjects. Chest 119: 1114–1122. [Medline]  [CrossRef]

	14.	 Griffin, D., Chengappa, M. M., Kuszak, J. and McVey, D. S. 2010. Bacterial pathogens of the bovine respiratory disease complex. Vet. Clin. North 
Am. Food Anim. Pract. 26: 381–394. [Medline]  [CrossRef]

	15.	 Harada, K., Usui, M. and Asai, T. 2014. Application of enrofloxacin and orbifloxacin disks approved in Japan for susceptibility testing of 
representative veterinary respiratory pathogens. J. Vet. Med. Sci. 76: 1427–1430. [Medline]  [CrossRef]

	16.	 Hawkins, E. C., Boothe, D. M., Guinn, A., Aucoin, D. P. and Ngyuen, J. 1998. Concentration of enrofloxacin and its active metabolite in alveolar 
macrophages and pulmonary epithelial lining fluid of dogs. J. Vet. Pharmacol. Ther. 21: 18–23. [Medline]  [CrossRef]

	17.	 Hoeben, D., Burvenich, C. and Heyneman, R. 1997. Influence of antimicrobial agents on bactericidal activity of bovine milk polymorphonuclear 
leukocytes. Vet. Immunol. Immunopathol. 56: 271–282. [Medline]  [CrossRef]

	18.	 Hyatt, J. M. and Schentag, J. J. 2000. Potential role of pharmacokinetics, pharmacodynamics, and computerized databases in controlling bacterial 
resistance. Infect. Control Hosp. Epidemiol. 21 Suppl: S18–S21. [Medline]  [CrossRef]

	19.	 Idowu, O. R., Peggins, J. O., Cullison, R. and Bredow, J. 2010. Comparative pharmacokinetics of enrofloxacin and ciprofloxacin in lactating dairy 
cows and beef steers following intravenous administration of enrofloxacin. Res. Vet. Sci. 89: 230–235. [Medline]  [CrossRef]

1197–1203, 2020

http://www.ncbi.nlm.nih.gov/pubmed/8992023?dopt=Abstract
http://dx.doi.org/10.1111/j.1365-2885.1996.tb00005.x
http://www.ncbi.nlm.nih.gov/pubmed/3907774?dopt=Abstract
http://dx.doi.org/10.1016/S0749-0720(15)31326-8
http://www.ncbi.nlm.nih.gov/pubmed/9455502?dopt=Abstract
http://dx.doi.org/10.1086/516284
http://www.ncbi.nlm.nih.gov/pubmed/12687416?dopt=Abstract
http://dx.doi.org/10.1007/s10096-003-0907-5
http://www.ncbi.nlm.nih.gov/pubmed/17991225?dopt=Abstract
http://dx.doi.org/10.1111/j.1365-2885.2007.00914.x
http://www.ncbi.nlm.nih.gov/pubmed/21767999?dopt=Abstract
http://dx.doi.org/10.1016/j.jchromb.2011.06.036
http://www.ncbi.nlm.nih.gov/pubmed/15618751?dopt=Abstract
http://dx.doi.org/10.2133/dmpk.18.319
http://www.ncbi.nlm.nih.gov/pubmed/18247149?dopt=Abstract
http://dx.doi.org/10.1007/s11259-008-9037-y
http://www.ncbi.nlm.nih.gov/pubmed/10390236?dopt=Abstract
http://dx.doi.org/10.1128/AAC.43.7.1756
http://www.ncbi.nlm.nih.gov/pubmed/12709329?dopt=Abstract
http://dx.doi.org/10.1128/AAC.47.5.1604-1613.2003
http://www.ncbi.nlm.nih.gov/pubmed/8517694?dopt=Abstract
http://dx.doi.org/10.1128/AAC.37.5.1073
http://www.ncbi.nlm.nih.gov/pubmed/21355734?dopt=Abstract
http://dx.doi.org/10.2460/ajvr.72.3.326
http://www.ncbi.nlm.nih.gov/pubmed/11296178?dopt=Abstract
http://dx.doi.org/10.1378/chest.119.4.1114
http://www.ncbi.nlm.nih.gov/pubmed/20619191?dopt=Abstract
http://dx.doi.org/10.1016/j.cvfa.2010.04.004
http://www.ncbi.nlm.nih.gov/pubmed/25008965?dopt=Abstract
http://dx.doi.org/10.1292/jvms.14-0266
http://www.ncbi.nlm.nih.gov/pubmed/9507453?dopt=Abstract
http://dx.doi.org/10.1046/j.1365-2885.1998.00103.x
http://www.ncbi.nlm.nih.gov/pubmed/9223231?dopt=Abstract
http://dx.doi.org/10.1016/S0165-2427(96)05759-5
http://www.ncbi.nlm.nih.gov/pubmed/10654631?dopt=Abstract
http://dx.doi.org/10.1086/503169
http://www.ncbi.nlm.nih.gov/pubmed/20129633?dopt=Abstract
http://dx.doi.org/10.1016/j.rvsc.2009.12.019


DISTRIBUTION OF ENROFLOXACIN IN CALVES

J. Vet. Med. Sci. 82(8): 1203

	20.	 Jerjomiceva, N., Seri, H., Völlger, L., Wang, Y., Zeitouni, N., Naim, H. Y. and von Köckritz-Blickwede, M. 2014. Enrofloxacin enhances the 
formation of neutrophil extracellular traps in bovine granulocytes. J. Innate Immun. 6: 706–712. [Medline]  [CrossRef]

	21.	 Kaartinen, L., Pyörälä, S., Moilanen, M. and Räisänen, S. 1997. Pharmacokinetics of enrofloxacin in newborn and one-week-old calves. J. Vet. 
Pharmacol. Ther. 20: 479–482. [Medline]  [CrossRef]

	22.	 Katsuda, K., Kohmoto, M., Mikami, O. and Uchida, I. 2009. Antimicrobial resistance and genetic characterization of fluoroquinolone-resistant 
Mannheimia haemolytica isolates from cattle with bovine pneumonia. Vet. Microbiol. 139: 74–79. [Medline]  [CrossRef]

	23.	 McKellar, Q. A., Sanchez Bruni, S. F. and Jones, D. G. 2004. Pharmacokinetic/pharmacodynamic relationships of antimicrobial drugs used in 
veterinary medicine. J. Vet. Pharmacol. Ther. 27: 503–514. [Medline]  [CrossRef]

	24.	 Nightingale, C. H., Grant, E. M. and Quintiliani, R. 2000. Pharmacodynamics and pharmacokinetics of levofloxacin. Chemotherapy 46 Suppl 1: 
6–14. [Medline]  [CrossRef]

	25.	 Otomaru, K., Hirata, M., Ikedo, T., Horinouchi, C., Noguchi, M., Ishikawa, S., Nagata, S. and Hobo, S. 2016. Intrapulmonary concentration of 
enrofloxacin in healthy calves. J. Vet. Med. Sci. 78: 681–683. [Medline]  [CrossRef]

	26.	 Page, S. W. and Gautier, P. 2012. Use of antimicrobial agents in livestock. Rev. Sci. tech. Off. Int. Epiz. 31: 145–188.
	27.	 Pascual, A., García, I., Ballesta, S. and Perea, E. J. 1997. Uptake and intracellular activity of trovafloxacin in human phagocytes and tissue-cultured 

epithelial cells. Antimicrob. Agents Chemother. 41: 274–277. [Medline]  [CrossRef]
	28.	 Papich, M. G. 2014. Pharmacokinetic-pharmacodynamic (PK-PD) modeling and the rational selection of dosage regimes for the prudent use of 

antimicrobial drugs. Vet. Microbiol. 171: 480–486. [Medline]  [CrossRef]
	29.	 Prescott, J. F. and Yielding, K. M. 1990. In vitro susceptibility of selected veterinary bacterial pathogens to ciprofloxacin, enrofloxacin and 

norfloxacin. Can. J. Vet. Res. 54: 195–197. [Medline]
	30.	 Scaglione, F. 2002. Can PK/PD be used in everyday clinical practice. Int. J. Antimicrob. Agents 19: 349–353. [Medline]  [CrossRef]
	31.	 Shoaf, S. E., Schwark, W. S., Guard, C. L. and Babish, J. G. 1987. The development of hepatic drug-metabolizing enzyme activity in the neonatal 

calf and its effect on drug disposition. Drug Metab. Dispos. 15: 676–681. [Medline]
	32.	 Stass, H. and Dalhoff, A. 2005. The integrated use of pharmacokinetic and pharmacodynamic models for the definition of breakpoints. Infection 33 

Suppl 2: 29–35. [Medline]  [CrossRef]
	33.	 Thomas, J. K., Forrest, A., Bhavnani, S. M., Hyatt, J. M., Cheng, A., Ballow, C. H. and Schentag, J. J. 1998. Pharmacodynamic evaluation of factors 

associated with the development of bacterial resistance in acutely ill patients during therapy. Antimicrob. Agents Chemother. 42: 521–527. [Medline]  
[CrossRef]

	34.	 Uemura, R., Sueyoshi, M. and Nagatomo, H. 2010. Antimicrobial susceptibilities of four species of Mycoplasma isolated in 2008 and 2009 from 
cattle in Japan. J. Vet. Med. Sci. 72: 1661–1663. [Medline]  [CrossRef]

	35.	 Varma, R., Ahmad, A. H., Sharma, L. D., Aggarwal, P. and Ahuja, V. 2003. Pharmacokinetics of enrofloxacin and its active metabolite ciprofloxacin 
in cows following single dose intravenous administration. J. Vet. Pharmacol. Ther. 26: 303–305. [Medline]  [CrossRef]

1197–1203, 2020

http://www.ncbi.nlm.nih.gov/pubmed/24642685?dopt=Abstract
http://dx.doi.org/10.1159/000358881
http://www.ncbi.nlm.nih.gov/pubmed/9430772?dopt=Abstract
http://dx.doi.org/10.1046/j.1365-2885.1997.00100.x
http://www.ncbi.nlm.nih.gov/pubmed/19428195?dopt=Abstract
http://dx.doi.org/10.1016/j.vetmic.2009.04.020
http://www.ncbi.nlm.nih.gov/pubmed/15601444?dopt=Abstract
http://dx.doi.org/10.1111/j.1365-2885.2004.00603.x
http://www.ncbi.nlm.nih.gov/pubmed/10810208?dopt=Abstract
http://dx.doi.org/10.1159/000048487
http://www.ncbi.nlm.nih.gov/pubmed/26668174?dopt=Abstract
http://dx.doi.org/10.1292/jvms.15-0495
http://www.ncbi.nlm.nih.gov/pubmed/9021179?dopt=Abstract
http://dx.doi.org/10.1128/AAC.41.2.274
http://www.ncbi.nlm.nih.gov/pubmed/24513278?dopt=Abstract
http://dx.doi.org/10.1016/j.vetmic.2013.12.021
http://www.ncbi.nlm.nih.gov/pubmed/2306672?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11978506?dopt=Abstract
http://dx.doi.org/10.1016/S0924-8579(02)00020-1
http://www.ncbi.nlm.nih.gov/pubmed/2891486?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16518709?dopt=Abstract
http://dx.doi.org/10.1007/s15010-005-8205-z
http://www.ncbi.nlm.nih.gov/pubmed/9517926?dopt=Abstract
http://dx.doi.org/10.1128/AAC.42.3.521
http://www.ncbi.nlm.nih.gov/pubmed/20710124?dopt=Abstract
http://dx.doi.org/10.1292/jvms.10-0165
http://www.ncbi.nlm.nih.gov/pubmed/12887614?dopt=Abstract
http://dx.doi.org/10.1046/j.1365-2885.2003.00480.x

