The Journal of
Veterinary
Medical
Science

. FULL PAPER

Internal Medicine

Pharmacokinetics in plasma and alveolar
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ABSTRACT. This study analyzed the pharmacokinetics of orbifloxacin (OBFX) in plasma, and its
migration and retention in epithelial lining fluid (ELF) and alveolar cells within the bronchoalveolar
lavage fluid (BALF). Four healthy calves received a single dose of OBFX (5.0 mg/kg) intramuscularly.
Post-administration OBFX dynamics were in accordance with a non-compartment model,
including the absorption phase. The maximum concentration (Cp,,,) of plasma OBFX was 2.2

+ 0.1 pg/ml at 2.3 = 0.5 hr post administration and gradually decreased to 0.3 + 0.2 ug/ml at

24 hr following administration. The C,,,, of ELF OBFX was 9.3 + 0.4 ug/ml at 3.0 + 2.0 hr post
administration and gradually decreased to 1.2 £ 0.1 ug/ml at 24 hr following administration.

J. Vet. Med. Sci. The C,,,ox Of alveolar cells OBFX was 9.3 + 2.9 ug/ml at 4.0 hr post administration and gradually
84(3): 400-405, 2022 decreased to 1.1 + 0.2 ug/ml at 24 hr following administration. The half-life of OBFX in plasma,

ELF, and alveolar cells were 6.9 + 2.2, 7.0 £ 0.6, and 7.8 + 1.6 hr, respectively. The C,,,, and the

area under the concentration-time curve for 0-24 hr with OBFX were significantly higher in ELF
and alveolar cells than in plasma (P<0.05). These results suggest that OBFX is distributed and
retained at high concentrations in ELF and alveolar cells at 24 hr following administration. Hence,
a single intramuscular dose of OBFX (5.0 mg/kg) may be an effective therapeutic agent against
pneumonia.
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Mycoplasma spp. and other bacterial pathogens can affect the respiratory system in calves. This can be affect their development
and life expectancy [1], presenting a major challenge in veterinary medicine [2]. Numerous cases of respiratory diseases among
calves have been classified as alveolar pneumonia [2]. The treatment of alveolar pneumonia requires an antibacterial agent with
adequate distribution to the intrapulmonary region, including alveolar or bronchoalveolar lavage fluid (BALF). Orbifloxacin
(OBFX) is a quinolone-based agent with broad-spectrum antimicrobial activity against pathogens commonly associated with
bovine respiratory diseases [16, 17, 24]. However, to determine if OBFX is an effective treatment for alveolar pneumonia, its
pharmacokinetics and intrapulmonary distribution must first be characterized. Furthermore, intrapulmonary quinolone-based agent
concentration that reaches the upper limit of the minimum inhibitory concentration (MIC) for the target pathogen should be achieved
[18, 20, 22]. However, the concentration of OBFX in the alveolar region and its distribution remains unknown.

We previously reported the distribution of ERFX in plasma, pulmonary epithelial lining fluid (ELF), and alveolar cells in the
BALF through analysis of BALF samples following subcutaneous administration to healthy calves [15]. This study aimed to
elucidate the chronological dynamics of OBFX concentration in plasma, ELF, and alveolar cells by analyzing blood and BALF
samples obtained from calves. We targeted OBFX in each matrix for pharmacokinetics (PK) analysis to investigate its distribution
from plasma to ELF and alveolar cells.

MATERIALS AND METHODS

Samples were collected from four healthy Holstein bull calves with body weights of 48.6 + 3.6 kg (mean £ SD) at 4-week-old.
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
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Medicine, Kagoshima University.

A single dose (5.0 mg/kg) of commercial OBFX (BICTAS Injection-5%, D.S. Pharma Animal Health, Osaka, Japan) was
intramuscularly administered to the neck of each calf. 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-NAO052K, Terumo) treated with dipotassium ethylenediaminetetraacetic acid (EDTA-2AK). Body
temperature, heart rate, and respiratory rate were measured, and visual examinations were carried out at each time point.

Blood collected in heparinized tubes was centrifuged to obtain plasma and stored at —80°C until analysis. Blood samples
collected in EDTA-2AK-treated tubes were 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. The blood collection
time was determined using a previously described method [15].

BALF was collected at 0 (before administration), 1, 2, 6, and 24 hr post-administration using a flexible electronic endoscope
(VQ TYPE 5112B, Olympus, Tokyo, Japan). The upper airway of the subjects, especially the epiglottis area, was sprayed with
2% lidocaine using a medicine spray tube passed through the endoscope. After administering local anesthesia, a flexible electronic
endoscope was inserted into a subsegment of the lobe. Two 30 ml-aliquots of sterile 0.9% normal saline solution were injected into
the lobe, immediately aspirated and the two samples pooled.

BALF was collected from three sites in both the left and right lobes, totaling six sites per calf (right middle lobe, third and fifth
bronchioles of the right caudal lobe, and second, third and fifth bronchioles of the left caudal lobe) and promptly transported to the
laboratory for analysis. After the cell count was determined, a 1.5 ml aliquot of each BALF sample was centrifuged at 400 x g for
5 min. The supernatant and cell pellets were separated and frozen at —80°C until use. The urea concentrations within plasma were
measured using the colorimetric method via assay kits (Quantichrom Urea Assay Kit, Bioassay Systems, Hayward, CA, USA).

OBFX concentrations were measured via high-performance liquid chromatography (HPLC) with reference to the previously
reported method [4]. Plasma samples (100 pul) were diluted 10-fold with distilled water. Each BALF cell pellet was mixed with
0.5 ml of 1 M 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 pl of the internal standard
[Lomefloxacin, Sigma-Aldrich, Tokyo, Japan; 300 ng/ml in 1% formic acid/methanol (4:1)]. Each sample (350 pl) was loaded into
a solid-phase extraction column (Oasis HLB, Waters, Tokyo, Japan). The residue was dissolved in 250 pl of the mobile phase, and
an aliquot (10 pl) of the extract was injected into the HPLC system (Prominence, Shimadzu, Kyoto, Japan). The excitation and
emission wavelengths used with the fluorescence detector were 350 nm and 460 nm, respectively.

Treatment of samples and validation of the chromatographic method through the determination of specificity, linearity, accuracy,
precision, detection, and quantitation limits were similar to those of the previously reported method [4]. Calibration curves were
prepared by fortifying the blank matrix with reference drug standards of orbifloxacin (Merck KGaA, Darmstadt, Germany) to
validate the HPLC analysis and perform quality control assessments during the assay. The retention time of orbifloxacin was 17.2
min. No interfering peaks in all blank samples were noted in the elution position of orbifloxacin. A linear relationship existed in the
calibration curve at both lower (1-256 ng/ml) and higher (256—1,000 ng/ml) concentrations. Linearity of the standard curve was
confirmed by the test for lack of fit and the value of r* was 0.999. Orbifloxacin yielded recovery from samples ranging from 99.8 +
2.9% to 100.8 £ 3.7%. The within-run precision (percent coefficient of variation, % CV) was less than 1.2% for concentrations greater
than or equal to 100 ng/ml and less than 2.6% at lower concentrations. The limit of detection was determined to be 1.0 ng/ml.

The OBFX concentration was determined in the ELF and alveolar cells in BALF [9, 10]. The concentration of OBFX in ELF
(OBFXg ) was determined as follows:

OBF Xy =OBFXpyp % ureapy sy / ureapyrp
where OBFXp,;r is the concentration of OBFX in the BALF and urea,,q,, is the concentration of urea in BALF.

The concentration of OBFX in alveolar cells (OBFX, ) was determined as follows:

OBFX\c=ACpeLLer/ Vac,
where ACpg; 1 gt 15 the concentration of OBFX in the alveolar cell pellet and V,c is the mean volume of cattle BALF cells.

A volume of 1.28 ul/10° alveolar cells, as established in another bovine study, was used for the volume of BALF cells [8, 9]. A
cytospin smear (Cytospin4, Thermo Fisher Scientific, Waltham, MA, USA) was prepared following the standard method to confirm
the BALF cell fractions, and 200 WBCs were counted.

The bronchoalveolar lavage cell pellet was resuspended in PBS and the total cell count per ml in BALF was determined using
trypan blue (Sigma Aldrich Co., St. Louis, MO, USA) and haemocytometer (Neuber’s), under a light microscope [19, 23].

PK parameters were determined for each animal after intramuscular administration of OBFX (5.0 mg/kg) based on the OBFX
concentrations in plasma, ELF, and alveolar cells. OBFX levels were determined using a non-compartmental model, including
the absorption phase. The area under the concentration-time curve between 0 and 24 hr or infinity time (AUC,,_,4 or AUC;,s) and
the area under the first moment curve between 0 and 24 hr or infinity time (AUMC,_,, or AUMC;,s) were determined using a
linear trapezoidal method. The mean residence time between 0 and 24 hr or infinity time (MRT, ,4 or MRT; ;) was determined as
AUMC, »4 (AUMC;,p) /AUC, ,4(AUC;,(). The terminal phase half-life (t;,) was determined to be 0.693/terminal slop (Az). As a
general rule, the Az constant was calculated using three or more measurement points below C,,..

The MICs of OBFX for the two pneumonia-inducing bacteria (Pasteurella multocida (P. Multocida) and Mannheimia haemolytica
(M. Haemolytica)) [11] were obtained from health research on cattle in Japan as PD parameters. The MICs of P. multocida and
M. haemolytica were 0.25 and 1.0 pg/ml, respectively.

Statistical analyses of data were conducted using analysis of variance (one-way ANOVA) followed by the Tukey-Kramer
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multiple comparison tests to determine the differences in OBFX among the three types of samples at the same sampling time
point. ANOVA was used to determine the differences in OBFX among the three types of PK parameters and AUC/MIC ratios.
All statistical analyses were performed using IBM SPSS Statistics 24 software (IBM Corp., Armonk, NY, USA), and statistical
significance was set at P<0.05. Data are shown as mean + SD.

RESULTS

The body temperature, heart rate, respiratory rate, WBC, RBC, Hb, and Ht levels of each calf did not fluctuate significantly, and
abnormal clinical findings were not found upon visual inspection throughout the study.

The BALF recovery rates, before administration, and at 1, 2, 6, and 24 hr post administration were 52.5 + 16.5, 40.6 = 9.9, 44.2
+7.2,51.9£3.7, and 52.5 + 6.4%, respectively. Hence, the BALF recovery rate retained essentially unchanged. Similarly, the
recovery rate of alveolar cells did not significantly change before administration, and at 1, 2, 6, and 24 hr post-administration, with
values 0of 4.5 +2.7,5.5+1.3,4.8 2.0, 5.7+ 1.4, and 6.8 + 2.0 (x10/ml), respectively.

In all specimens of the BALF cell smear, as for the compartmentation, 95% or more were macrophages.

OBFX concentrations in plasma, ELF, and alveolar cells are shown in Fig. 1. The corresponding PK parameters are listed in
Table 1. The C,,,, of plasma OBFX was 2.2 + 0.1 pg/ml at 2.3 £ 0.5 hr post administration and gradually decreased to 0.3 + 0.2 g/
ml at 24 hr following administration. The C,,,, of ELF OBFX was 9.3 = 0.4 pg/ml at 3.0 & 2.0 hr post administration and gradually
decreased to 1.2 + 0.1 pg/ml at 24 hr following administration. The C,,,, of Alveolar cell OBFX was 9.3 £ 2.9 ng/ml at 4.0 £ 0.0 hr

b
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== Maximum of the MIC
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Fig. 1. Concentrations of orbifloxacin (OBFX) in plasma, epithelial lining fluid (ELF), and alveolar cells 0 to 24 hr after a single
intramuscular dose of OBFX (5.0 mg/kg) in calves (n=4). Data are shown as mean + standard deviation. Values with the different
letters indicate significant differences among the plasma, ELF, and Alveolar cells at the same sampling time (a—b: P<0.05).
—Maximum of the minimum inhibitory concentration (MIC), MIC of Mannheimia haemolytica (Harada, K. et al. [11]).

Table 1. Pharmacokinetic (PK) parameters of orbifloxacin (OBFX) in plasma, epithrial
lining fluid (ELF), and alveolar cells following single intramuscularly dose of OBFX
(5.0 mg/kg) in calves (n=4)

PK Parameters Plasma ELF Alveolar cells
Cpax (ng/ml) 22+0.1% 9.3+0.4Y 9.3+2.99
Toax (hr) 23+0.5 3.0+2.0 4.0+0.0
AUC 54 (ugehr/ml) 23.8+1.89 122.0+15.22 108.2 +35.10
AUC,,s (ugehr/ml) 26.5+2.89 134.0 + 14.72 121.2 + 34.8"
AUMC 4 (ngehr?/ml) 177.1 £23.89 793.5 + 102.0 706.3 + 185.0D
AUMC;, (ngehr¥/ml) 274.7 + 99.6% 1,204.9 + 100.1 1,172.0 £ 293.3®
ty (hr) 69+22 7.0+0.6 7.8+1.6
MRT,_,4 (hr) 74+0.8 6.5+0.2 6.6+0.6
MRT;,¢ (hr) 102+29 9.1+0.6 99+24

Data are shown as the mean + SD. AUC: area under the concentration-time curve; AUMC: area
under the first moment curve; C,,,: peak concentration; T,,,,: time to C,,,,; t1/2: half-life; MRT:
mean residence time. Values with the different letters indicate signifacant differennces among the
plasma, ELF, and Alveolar cells in PK parameters (a—b: P<0.05).
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Table 2. Area under the concentration-time curve between 0 and 24 /minimum inhibitory concentra-
tion (MIC)y, ratio for orbifloxacin (OBFX) following a single intramuscularly dose of OBFX in
cattle (n=4), using MICy, values of 0.25 and 1.0 pg/ml for Pasteurella multocida and Manheimia
haemolytica (Harada, K et al. [11]), respectively

Bacteria Name Plasma ELF Alveolar cells
P. multocida 95.2+7.3% 488.0 £ 60.8Y 432.8+140.4
M. haemolytica 23.8+1.89 122.0 £15.29 108.2 + 35.19

Data are shown as the mean =+ standard deviation. ELF; epithelial lining fluid. Values with the different letters
indicate significant differences among the plasma, ELF, and Alveolar cells in PK parameters (a—b: P<0.05).

post administration and gradually decreased to 1.1 £ 0.2 pg/ml at 24 hr following administration (Fig. 1).

Additionally, the C,,, in ELF and alveolar cells was significantly higher than that in plasma (P<0.05). The T, ,, among in
plasma, ELF, and alveolar cells were no statistical differences. The OBFX concentration in ELF and alveolar cells at 1, 2, and 24
hr was significantly higher than that in plasma (P<0.05). Similarly, at 6 hr in ELF, the OBFX concentration was also higher than
that in plasma (P<0.05) (Fig. 1). The AUC,,_,4 (AUC;,¢) in plasma, ELF, and alveolar cells was 23.8 + 1.8 (26.5 + 2.8), 122.0 +
15.2 (134.0 £ 14.7), and 108.2 £ 35.1 (121.2 £ 34.8) pg-hr/ml (Table 1), respectively, with that in ELF and alveolar cells, was
significantly higher than that in plasma (P<0.05). The AUMC,_,4 (AUMC;,) in plasma, ELF, and alveolar cells was 177.1 + 23.8
(274.7 £ 99.6), 793.5 £ 102.0 (1,204.9 = 100.1), and 706.3 = 185.0 (1,172.0 & 293.3) pgehr?/ml (Table 1), respectively, with that in
ELF and alveolar cells also were significantly higher than in plasma (P<0.05). The t;/, in plasma, ELF, and alveolar cells was 6.9 +
2.2,7.0+0.6, and 7.8 + 1.6 hr, respectively; however, no statistical differences were observed. The MRT , ,;, (MRT;,¢) in plasma,
ELF, and alveolar cells was 7.4 = 0.8 (10.2 £ 2.9), 6.5 £ 0.2 (9.1 £ 0.6), and 6.6 = 0.6 (9.9 £ 2.4) hr, respectively; however, no
statistical differences were observed.

The ratios of MIC to AUC 54 (AUC,, ,4/MIC) in plasma, ELF, and alveolar cells of bacterial species are shown in Table 2. The
AUC_,4/MIC in plasma, ELF, and alveolar cells of P. multocida was 95.2 + 7.3, 488.0 + 60.8, and 432.8 + 140.4, respectively
(Table 2), with the ratio being significantly higher in ELF than in plasma (P<0.05). The AUC, ,,/MIC in plasma, ELF, and alveolar
cells of M. haemolitica was 23.8 £ 1.8, 122.0 + 15.2, and 108.2 + 35.1 (Table 2), respectively, with the ratio being significantly
higher in ELF and alveolar cells than in plasma (P<0.05).

DISCUSSION

PK analysis in this study revealed a higher C,,,, and a later T,,,, for OBFX in plasma than those previously reported [16].

The t,,, was shorter and the AUC,, ,, for OBFX was greater than that reported in a previous report [16]. However, they used
3-5-month-old calves, while we used 4-week-old calves in our study. Shoaf et al. [25] reported changes in the activity of metabolic
enzyme such as cytochrome P-450 during the early developmental period. Therefore, differences in the PK parameters of OBFX
could be due to age differences associated with the hepatic drug-metabolizing activity.

The OBFX distribution in the alveolar region was evaluated by comparing the parameters of the ELF, alveolar cells, and plasma.
The AUC,_,4 and C,,, in the ELF and alveolar cells were significantly higher than those in plasma. Accordingly, we considered
that OBFX administration to calves would potentially result in a very high drug distribution to the alveolar region. The C,,,,
of OBFX in the plasma was 3.7—4.4- and 2.9-5.8-fold lower than that in the ELF and BALF cells, respectively. The volume of
distribution of OBFX (2.5 mg/ml) in cows is 1.61 I/kg [4], and that of OBFX (3.0 mg/ml) is 0.92 I/kg [7]. The OBFX concentration
in the alveolar region was much higher than that in the blood, which can be attributed to the volume of distribution. Distribution
volume is an indicator of organizational migration; therefore, OBFX can be considered to have excellent tissue migration ability.

In addition, new quinolone-based antimicrobial agents are rapidly taken up by macrophages; the relevant drug concentrations
were reportedly higher in the cellular fractions than in the tissue [5, 13]. Furthermore, the neutrophil extracellular trap phenomenon
(NETs) is enhanced by antimicrobial agents. Such drugs are incorporated into neutrophils, and their bactericidal activity is
strengthened [12, 13]. Our results demonstrated that OBFX concentrations were higher in alveolar cells than in plasma. Therefore,
in the case of pneumonia, the administration of OBFX may increase the OBFX concentration in alveolar cells from the inflamed
site and prevent bacterial invasion.

The treatment of infectious diseases requires identifying the affected organs and tissues, relevant pathogen, and appropriate
therapeutic strategies. In cases of pneumonia, predicting the antimicrobial effects of an agent is crucial. This prediction is based
on both effective PK and pharmacodynamic (PD) analyses. Therefore, combined PK/PD approaches are widely used in clinical
practice [3]. In human medicine, a higher concentration of antimicrobials, known as the mutant prevention concentration, is
administered to eliminate all bacteria, including resistant bacteria generated by mutations in response to the administration of doses
approaching the MIC [6]. The same approach has been adopted in veterinary medicine [9, 18, 20, 22].

The basic PK/PD parameters for predicting the effects of clinical treatment are the C,,,,/MIC, AUC,_,4 to MICy, (AUC/MIC)
ratio, and duration beyond the MIC (%T >MIC) [12, 20, 22]. The antimicrobial effects of quinolone-based drugs (concentration-
dependent systems) correlate with their AUC/MIC ratios. Therefore, AUC/MIC ratios are useful indicators in PK/PD analysis.

In human medicine, the AUC/MIC ratio for Gram-positive bacteria ranges from 30 to 50 or more [14], and the AUC/MIC ratio
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of Gram-negative bacteria is 125 or more [14]. An AUC/MIC ratio of at least 125 is recommended for concentration-dependent
antimicrobial agents in veterinary medicine [18]. Therefore, if AUC / MIC is 125 or more, it is defined as exceeding MPC.

The AUC,,_,4/MIC was evaluated, and the therapeutic effect against each bacterial species was assessed. The AUC,, ,4/MIC
ratios of P. multocida in ELF and alveolar cells were 488.0 + 60.8 and 432.8 + 140.4, respectively, with OBFX exceeding the
MPC in both cases. For M. haemolytica, the AUC_,,/MIC ratio of in ELF and alveolar cells was 122.0 + 15.2 and 108.2 &+ 35.1,
respectively, which was lower than the recommended ratio. In plasma, the ratios were also below 125 and significantly lower than
those in ELF and alveolar cells for both bacteria (P<0.05). Therefore, intramuscular administration of OBFX (5.0 mg/kg) was
considered to have excellent antibacterial activity against P. multocida.

OBFX did not exceed the MPC against M. haemolytica in ELF and alveolar cells. However, OBFX concentrations against M.
haemolytica for ELF and alveolar cells at 24 hr post-administration were 1.2 + 0.1 and 1.1 £+ 0.2 pg/ml, respectively, suggesting
that they exceeded the MIC approximately 24 hr after administration. Specifically, antibacterial activity against M. haemolytica
was achieved at concentrations higher than the MIC and lower than the MPC, which is the mutant selection window (MSW) [10,
18, 20, 21], in which resistant bacteria are readily selected for and induced. The OBFX concentration in ELF and BALF cells
decreased to 1.0 pg/ml or less at 24.5 + 0.9 hr after administration from the half-life. Therefore, OBFX in the alveolar region at 24
hr following administration was considered to have an antibacterial effect equal to or higher than MIC (1.0 pg/ml [11]).

In the PK/PD analysis, the AUC,_,,/MIC ratios in the alveolar region indicated that this regimen exhibited therapeutic effects
against P. multocida and M. haemolytica. 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 1.2 pg/ml.

In this study, we measured the concentration of OBFX in plasma, ELF, and alveolar cells after the single dose of intramuscular
administration of OBFX (5.0 mg/kg). PK parameter analysis suggested that this treatment was effective against bacterial species
with a MIC of 1.0 pg/ml or less. However, additional studies are needed to clarify aspects, such as the migration of OBFX in
calves with pneumonia, prior to the practical application of this treatment.

CONFLICT OF INTEREST. The authors have financial conflicts of interest to disclose concerning the study. This study was
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