1' frontiers

in Veterinary Science

ORIGINAL RESEARCH
published: 02 February 2022
doi: 10.3389/fvets.2022.811967

OPEN ACCESS

Edited by:

Moussa Sory Diarra,

Agriculture and Agri-Food Canada
(AAFC), Canada

Reviewed by:

Ji Yu Zhang,

Lanzhou Institute of Husbandry and
Pharmaceutical Sciences, Chinese
Academy of Agricultural Sciences
(CAAS), China

Kun Li,

Nanjing Agricultural University, China

*Correspondence:
Xiao-Ping Liao
xpliao@scau.edu.cn
Yu-Feng Zhou
zyf@scau.edu.cn

Specialty section:

This article was submitted to
Veterinary Infectious Diseases,
a section of the journal
Frontiers in Veterinary Science

Received: 09 November 2021
Accepted: 12 January 2022
Published: 02 February 2022

Citation:

Zhou Y-F, Sun Z, Wang R-L, Li J-G,
Niu C-Y, Li X-A, Feng Y-Y, Sun J,

Liu Y-H and Liao X-P (2022)
Comparison of PK/PD Targets and
Cutoff Values for Danofloxacin Against
Pasteurella multocida and
Haemophilus parasuis in Piglets.
Front. Vet. Sci. 9:811967.

doi: 10.3389/fvets.2022.811967

Check for
updates

Comparison of PK/PD Targets and
Cutoff Values for Danofloxacin
Against Pasteurella multocida and
Haemophilus parasuis in Piglets

Yu-Feng Zhou "?%*, Zhen Sun 3, Rui-Ling Wang ', Jian-Guo Li"*, Chao-Yan Niu 3,
Xian-An Li"®, Yun-Yun Feng '3, Jian Sun 2%, Ya-Hong Liu"?3 and Xiao-Ping Liao "*%*

" National Risk Assessment Laboratory for Antimicrobial Resistance of Animal Original Bacteria, College of Veterinary
Medicine, South China Agricultural University, Guangzhou, China, 2 Guangdong Laboratory for Lingnan Modern Agriculture,
Guangzhou, China, ° Guangdong Provincial Key Laboratory of Veterinary Pharmaceutics Development and Safety Evaluation,
South China Agricultural University, Guangzhou, China

Danofloxacin is a synthetic fluoroquinolone with broad-spectrum activity developed
for use in veterinary medicine. The aim of this study was to evaluate the
pharmacokinetic/pharmacodynamic (PK/PD) targets, PK/PD cutoff values and the
optimum doses of danofloxacin against P multocida and H. parasuis in piglets.
Single dose serum pharmacokinetics was determined in piglets after intravenous and
intramuscular administration of 2.5 mg/kg. Danofloxacin was well absorbed and fully
bioavailable (95.2%) after intramuscular administration of 2.5 mg/kg. The epidemiological
cutoff (ECOFF) values of danofloxacin from 931 P multocida isolates and 263 H.
parasuis isolates were 0.03 and 4 mg/L, respectively. Danofloxacin MICs determined
in porcine serum were markedly lower than those measured in artificial broth, with
a broth/serum ratio of 4.33 for H. parasuis. Compared to P multocida, danofloxacin
exhibited significantly longer post-antibiotic effects (3.18-6.60 h) and post-antibiotic sub-
MIC effects (7.02-9.94 h) against H. parasuis. The mean area under the concentration-
time curve/MIC (AUCo41/MIC) targets of danofloxacin in serum associated with the static
and bactericidal effects were 32 and 49.8, respectively, for P multocida, whereas they
were 14.6 and 37.8, respectively, for H. parasuis. Danofloxacin AUCo4n/MIC targets for
the same endpoints for R multocida were higher than those for H. parasuis. At the current
dose of 2.5 mg/kg, the PK/PD cutoff (COpp) values of danofloxacin against P multocida
and H. parasuis were calculated to be 0.125 and 0.5 mg/L, respectively, based on Monte
Carlo simulations. The predicted optimum doses of danofloxacin for a probability of
target attainment (PTA) of > 90% to cover the overall MIC population distributions of
P multocida and H. parasuis in this study were 2.38 and 13.36 mg/kg, respectively.
These PK/PD-based results have potential relevance for the clinical dose optimization
and evaluation of susceptibility breakpoints for danofloxacin in the treatment of swine
respiratory tract infections involving these pathogens.
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INTRODUCTION

P. multocida and H. parasuis play important roles in many
outbreaks of swine respiratory disease (SRD) and act together
to increase the severity and duration of lung damage caused
by other symbiotic viruses and bacteria such as porcine
circovirus type 2 and Streptococcus suis (1-3). Furthermore,
studies indicated that P. multocida type A can act as the
primary pathogen of porcine pneumonia and septicemia with
a rising prevalence rate reported from 8% to 15.6% in
China, Korea and United States (I, 4, 5). Due to the high
prevalence of mixed infections with multiple bacterial species, the
treatment of SRD generally includes the use of broad-spectrum
antibiotics (6, 7). Fluoroquinolones, such as danofloxacin,
possess excellent PK characteristics that may contribute to
clinical success of treating SRD. Such advantages include high
peak concentrations in plasma, extensive distribution to most
tissues in animal body and deep penetration into lung fluids
(8, 9). Despite these findings from previous studies, the precise
pharmacokinetic/pharmacodynamic (PK/PD) targets and cutoff
values of danofloxacin in pigs for SRD pathogens, especially for
P. multocida have not been fully elucidated.

This study sought to determine and compare the PK/PD
relationships of danofloxacin between P. multocida and H.
parasuis with the goal to provide a framework for further
study and optimization of danofloxacin dosing strategies for
the treatment of bacterial respiratory mixed infections in
piglets caused by SRD pathogens. By evaluating the drug
kinetics, PK/PD targets, post-antibiotic effect (PAE) and
postantibiotic sub-MIC effect (PA-SME), the optimum doses
and PK/PD cutoffs (COpp) of danofloxacin were estimated
for P. multocida and H. parasuis. A comparison of these
results provides insights into the accurate antibiotic treatment
for SRD.

MATERIALS AND METHODS

Bacterial Strains and Susceptibility Testing
The MIC distribution of 931 swine-origin P. multocida isolates
(Supplementary Table 1) was obtained by merging data from
our own laboratory and some previous studies (10, 11). A
total of 263 isolates of H. parasuis were gathered during 5-
year surveillance study in different provinces of China from
2015 to 2020 (Supplementary Table 1). All the isolates were
collected from diseased pigs suffering polyserositis, pneumonia
or arthritis, and cultured with Haemophilus test medium
(HTM) broth and agar containing 20 mg/L 3-NAD and 5%
lysed horse blood. Bacterial species was identified using the
Axima Assurance MALDI-TOF mass spectrometer (Shimadzu
Corp., Kyoto, Japan), as previously described (12). The MICs
of danofloxacin for these isolates were determined using the
broth microdilution in accordance with CLSI guidelines (13).
To determine if there is a potentiation effect of serum on
susceptibility, the danofloxacin MICs against P. multocida
and H. parasuis were further determined in both broth and
porcine serum.

Epidemiological Cutoff Values

Determination

The ECOFF defines the upper end of the wild-type MIC
distribution devoid of phenotypically detectable acquired
resistance mechanisms (14). The isolates carrying plasmid-
mediated quinolone resistance (PMQR) genes [gnrA-D, gepA,
0qxAB and aac(6’)-Ib-cr] were consequently removed (15).
The log,-transformed MIC distribution of danofloxacin for
P. multocida and H. parasuis was subjected to the statistical
goodness-of-fit and non-linear least-squares regression tests to
obtain optimum normal distribution (16). The final ECOFF
value was calculated as the MIC that captured at least 95% of
the optimum MIC distribution using the ECOFFinder program
(16, 17).

PAEs and PA-SMEs Determination

Two P. multocida and three H. parasuis strains were selected to
expose to danofloxacin at 1x and 4x MICs for 1 h. After removal
of drug by centrifugation at 3,000 g for 10 min, bacterial cells
were resuspended in drug-free broth (PAE) and broth containing
0.1 to 0.3 x MICs of danofloxacin (PA-SME) for continuous
measurement of the absorbance at 600 nm. Optical density was
converted into bacterial counts using a standard curve, as our
previously reported (17). The PAEs and PA-SMEs of danofloxacin
against P. multocida and H. parasuis were calculated as follow:
PAE/PA-SME = T/Tpa-C, where C is the time for 1-log;o control
growth and T/Tpa is the time for 1-logjo growth after drug
removal (T) or in the sub-MIC treated phase (Tpa) (18).

Pharmacokinetics of Danofloxacin in
Piglets

Twelve healthy crossbred piglets (Duroc x Landrace x
Yorkshire, 9.3 £+ 1.9kg from Jiahe Agricultural Stockbreeding
Co., Qingyuan, China) were used for a two-period crossover
study. Animal experimental protocols were approved by
the Animal Ethics Committee of South China Agricultural
University (approval no. 2018014). Each piglet received
danofloxacin (Injectable solution; lot no. 190201; Hainan Yugi
Pharmaceutical Co., Dingan, China) at a dose of 2.5 mg/kg b.w.
by intravenous (IV) and intramuscular (IM) injections. Feed
and water were provided ad libitum. The dose of danofloxacin
was chosen based on previous PK studies in pigs and the
manufacturer’s instruction (19-22). The serums samples for
danofloxacin concentration determination were collected from
the jugular veins into vacutainers without anticoagulant prior to
dosing (0 h) and at 0.08, 0.25, 0.5, 0.75, 1, 2, 4, 6, 8, 12, 24, 36, and
48 h after administrations of danofloxacin.

Danofloxacin concentrations in serum samples
measured by a liquid chromatography-tandem mass
spectrometry (LC-MS/MS) method (details are given in
Supplementary Data Sheet 1). All PK parameters were
calculated using the compartmental models in WinNonlin
software (version 5.2; Pharsight, St. Louis, MO, USA). The
Akaike information criterion (AIC) was used to guide the
selection of the best PK model to describe the observed time-
concentration data. Danofloxacin average bioavailability (F%)

were
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after intramuscular injection was calculated by dividing each
AUChy value by their respective AUCty value for each individual
piglet according to the following standard equation (23): F% =
AUCinfinityam) / AUCinfinity(rv) X 100%.

Ex vivo Time-Kill and PK/PD Index Target
for Efficacy

The abilities of danofloxacin to kill P. multocida and H. parasuis
were assessed ex vivo as previously described (17). Serum samples
collected from piglets at different time points were filtered to
avoid bacterial contamination. Bacterial cells were subcultured
and inoculated to each serum sample, giving an initial inoculum
of ~10°cfu/mL. The mixtures were serially diluted and plated
using a drop-plate technique to enumerate bacterial CFUs after
3, 6,9 and 24 h of incubation. The limit of detection (LOD) was
40 cfu/mL.

The correlation between antibacterial efficacy and the PK/PD
parameter AUC,4,/MIC was determined by the non-linear
WinNonlin regression program (version 5.2; Pharsight, St. Louis,
MO, USA). The AUC/MIC ratio was chosen as the predictive
PK/PD parameter as previous studies have demonstrated this
index to be predictive for fluoroquinolones (24, 25). The sigmoid
Emax model used was derived from the Hill equation: E =
Eop + Emax x CN / (ECsoN + CN), where Ey is the logo
change of bacterial count in the absence of danofloxacin, Epyax
is the maximum effect, C is the PK/PD index (AUC,4,/MIC),
ECs is the AUC,4,/MIC required to achieve 50% of the Epax
and N is the slope of the dose-response curve. The coefficient
of determination (R?) was used to estimate the variance
due to regression with the PK/PD parameter AUC/MIC. The
AUC,4,/MIC targets in serum required to produce bacteriostatic
(E = 0), bactericidal (E = —3) and eradication (E = —4) effects
were calculated for each drug-organism combination.

PK/PD Cutoff Determination and Dose

Assessment

Based on PK parameters and calculated PK/PD targets
(AUC,41/MIC) for bactericidal effect, a 10,000-subject Monte
Carlo simulation was conducted to obtain the danofloxacin
PK/PD cutoffs (COpp) for P. multocida and H. parasuis using
Crystal Ball software (version 11.1.2, Oracle Corporation) (26).
The AUC,4,/MIC was calculated with the following formula:
AUC,4,/MIC = Dose / (Cl x MIC). Clearance (Cl) was assumed
to be normally distributed in the form of mean =+ SD (Table 1).
Scenarios were simulated separately at each possible MIC. The
COpp was defined as the highest MIC at which the PTA was
>90% (27).

In order to ascertain the optimum dose regimens of
danofloxacin to cover the overall MIC population distributions
in this study (931 P. multocida strains and 263 H. parasuis
isolates), the two population distributions of danofloxacin doses
were predicted by a 10,000-subject Monte Carlo simulation. The
dose was calculated by the equation as follow (17, 28): Dose =
(Cl x AUC/MIC x MICyistribution) / (fu x F), where Cl is the
body clearance; AUC/MIC is the PK/PD target required for a
bactericidal effect, in this case, the AUC,4,/MIC of 49.8 and 37.8

TABLE 1 | The PK parameters of danofloxacin in porcine serum following single
dose intravenous (IV) and intramuscular (IM) administrations at 2.5 mg/kg.

PK parameters? Unit IV route IM route
Ka 1/h 4.99 + 5.08
Kel 1/h 0.21 £0.12
A mg/L 1.12 £0.68 -

a 1/h 4.44 +2.24 -

B mg/L 1.67 £0.89 -

B 1/h 0.20 + 0.05 -
T1/2kel h 4,18 +1.81
T1/2Ka h 0.29 £ 0.20
T1/24 h 0.25 + 0.24 -
Ti28 h 3.76 + 1.00 -

Vss L/kg 1.90 £ 1.22 -

Cl L/kg/h 0.39 + 0.27 -
AUCinfinity mg-h/L 9.39 +£ 5.79 8.17 &+ 3.51
Trmax h 1.04 £0.52
Crax mg/L 119+ 0.55
F % - 96.24+21.9

4K,, constant of absorption rate; Kg, constant of elimination rate; A, intercept for the
distribution phase; o, distribution rate constant; B, intercept for the elimination phase;
B, elimination rate constant; T+ joxe;, €limination half-life in the one-compartment model;
T1 j2Ka, @bsorption half-life; T+ o4, distribution half-life; T1 g, elimination half-life in the two-
compartment model; Vss, volume of distribution at steady state, Cl, systemic clearance;
AUCinfinity, the area under the concentration-time curve from zero to infinity; Tmax, time to
reach the peak concentration (Cmax); F, average bioavailability.

for P. multocida and H. parasuis, respectively; a scaling factor of
4.33 was used to bridge the MIC differences between HTM and
serum when dose distribution was predicted for H. parasuis; fu is
free drug fraction using protein binding rate of 44% in porcine
serum (29); F is the bioavailability of IM administration.

RESULTS

MICs and ECOFF Determination

Of 931 P. multocida isolates, the fitted MIC distribution
[Log, mean (—6.06) £ SD (0.27)] contained > 95% that
possessed danofloxacin MICs < 0.03 mg/L, and the ECOFF
was consequently calculated to be 0.03 mg/L for P. multocida
(Figure 1A). No difference in MIC was observed for P. multocida
between broth and serum. However, of the 14 H. parasuis
isolates tested, geometric mean of danofloxacin MIC in serum
was significantly lower than that in HTM, with a HTM/serum
ratio of 4.33 (P < 0.05; Supplementary Figure 1). The MICs of
danofloxacin against our 263 clinical H. parasuis isolates ranged
from 0.004 to 128 mg/L in HTM, with the MICsy and MICy, of
0.25 and 4 mg/L, respectively (Supplementary Table 1). In order
to obtain a unimodal distribution, the 10 isolates with MICs of
>64 mg/L were therefore removed. More than 95% of the best
fitting normal distribution [Log, mean (—2.21) & SD (2.49)]
was in the range of 0.004 to 4 mg/L, thus the ECOFF value was
determined to be 4 mg/L for H. parasuis (Figure 1B).
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FIGURE 1 | The log»-transformed MIC distribution of danofloxacin against swine-origin P multocida (A) and H. parasuis (B). The MIC distribution of P multocida
isolates (n = 931) was created by merging data from our laboratory and some previous studies (10, 11). H. parasuis isolates (n = 263) and MIC data were obtained in
our own laboratory from 2015 to 2020. The number of isolates and the observed frequency corresponding to each MIC value are shown along the y-axes. The lines
represent predicted frequency based on the best fitting logz-normal distribution [log, mean (—6.06) & SD (0.27) for P multocida and logo mean (—2.21) & SD (2.49)
for H. parasuis, respectively].

PAEs and PA-SMEs

PAEs were calculated after removal of bacterial cells from
danofloxacin exposures at 1 x and 4x MICs. Persistent regrowth
inhibition was observed in a concentration-dependent manner,
resulting in PAE values of 0.96-4.46h for P. multocida and
2.42-6.92h for H. parasuis, respectively (Figures2A,B). The
addition of sub-MIC danofloxacin during the post-antibiotic
phase substantially delayed bacterial regrowth, producing PA-
SMEs of 4.30-6.86h for P. multocida and 7.02-9.94h for H.
parasuis, respectively (Figure 2C). Despite this fact, the mean
bacterial densities in the presence of sub-MIC danofloxacin
remained at a lower level than their respective growth controls

until at least 12 h (Figure 2; Supplementary Figure 2). Of note,
the time suppression of regrowth (PAE and PA-SME) for H.
parasuis was significantly longer relative to P. multocida (P <
0.05; two-tailed unpaired Students ¢-test; Figure 2C).

Danofloxacin PKs in Piglets

A two-compartmental model fit was shown for time-
concentration profile of danofloxacin after IV injection
(Figure 3), which was consistent with previous results observed
in both healthy and infected pigs (29). Notably, the decline in
serum danofloxacin concentrations was bi-exponential with
half-lives of (T1/2¢) 0.25h and (Ti,2) 3.76h for distribution
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FIGURE 3 | Danofloxacin pharmacokinetics in piglets. Serum concentrations
of danofloxacin following single dose intravenous (IV) and intramuscular (IM)
administrations at 2.5 mg/kg in piglets (1 = 12 per time point). Upper right
panel shows details from O to 6 h. The lines drawn through the time points
indicated the best-fitting lines based on the compartment models.

and elimination phases, respectively (Tablel). After IM
dosing of danofloxacin, the mean peak concentration (Cpay;
1.19 mg/L) was reached in serum within 1.04h. While the
prolonged terminal half-life (T;ske; 4.18h) was observed
in serum following IM dosing, AUCiyfinity values were
comparable regardless of administration routes, indicating
a high bioavailability of 95.2% after IM administration (Table 1).

Ex vivo Antimicrobial Activities and PK/PD
Targets

Rapid activity against P. multocida strain NM5-7 (MICserym =
0.13 mg/L) was demonstrated with porcine serum collected up
to 12h at concentrations of 0.22 to 1.12 mg/L (Figure 4A).

Notably, a concentration-dependent trend toward a greater level
of P. multocida killing was observed with increasing danofloxacin
concentrations in serums. Bacterial densities of P. multocida
were driven below detectable limits by serums collected up
to 6h after 9h of incubation (Figure4A). Concentration-
dependent killing activity was similarly observed for all H.
parasuis strains tested (Figure 4B; Supplementary Figure 3).
Accordingly, ex vivo activity was negligible for serums at 36 and
48h, while sustained bactericidal activity was attained within
9h of exposure to serums containing danofloxacin > 0.5 mg/L
(Supplementary Figure 3). For H. parasuis 4-10 (MICserym =
0.06 mg/L), complete bactericidal activities reaching undetectable
limits of eradication were noted within 24 h in response to serums
collected up to 12 h (Figure 4B).

PK/PD analyses of the ex vivo time-kill data were performed
to determine AUC/MIC targets of danofloxacin associated with
the optimal activity. PK/PD relationships between AUC/MIC
and ex vivo activity were strong, with an R? of > 0.93
(Figures 4C,D). For P. multocida, the mean AUC/MIC targets
in serum for bacteriostatic, bactericidal and eradication effects
were 32, 49.8 and 66.9, respectively. Of note, the PK/PD
targets for H. parasuis were much lower than those for P.
multocida (P < 0.05, two-tailed unpaired Student’s ¢-test). Serum
AUC/MIC targets for the same endpoints were 14.6, 37.8 and
62.9 (Table 2).

PK/PD Cutoff Determination and Dose

Prediction

The probabilities of the current dose regimen (2.5 mg/kg)
achieving typical AUC/MIC targets at each possible MIC were
determined by a 10,000-iteration Monte Carlo simulation, from
which PTAs were estimated (Figure 5). With a target AUC/MIC
ratio of 49.8 (i.e., bactericidal action for P. multocida), the PTA
was still 87.3% at a MIC of 0.125 mg/L. The COpp value of
danofloxacin for P. multocida was consequently determined to be
0.125 mg/L (Figure 5A). In view of the significant potentiation
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FIGURE 4 | Ex vivo activity and PK/PD relationships of danofloxacin. (A,B) Ex vivo time-kill curves of danofloxacin against P multocida [(A) strain NM5-7; MICserum =
0.13 mg/L] and H. parasuis [(B) strain 4-10; MICserum = 0.06 mg/L] in serums of piglets receiving intramuscular injection of danofloxacin (2.5 mg/kg b.w.). Numerical
values on right brackets represent the mean concentrations of danofloxacin in serums collected from different time points post-dosing. (C,D) Correlation plots
between ex vivo activity and AUC,4n/MIC of danofloxacin using the sigmoid Emax equation. The fitting curves represent predicted values (two P. multocida and three H.
parasuis included), and the points represent values of individual serum samples collected from 0 to 48 h.

effect of serum on activity of danofloxacin for H. parasuis
(Supplementary Figure 1), a scaling factor of 4.33 was created
to bridge the MIC variation between HTM and serum when
calculating the COpp for H. parasuis. The PTA for AUC/MIC
ratio of 37.8 was only 26.1% at a MIC of 1.0 mg/L and reached
99.7% when the MIC was 0.5 mg/L. The COpp of danofloxacin
against H. parasuis was therefore defined as a MIC of 0.5 mg/L
(Figure 5B).

Based on the results of the current PK parameters, PK/PD
targets and the MIC distribution, if danofloxacin was given once
daily intramuscularly in piglets, the predicted dosages for a PTA
of 90% to cover the overall MIC population distributions in
this study were 2.38 and 13.36 mg/kg (Figure 6), which were
estimated to be effective achieving a bactericidal effect against P.
multocida and H. parasuis, respectively.

DISCUSSION

In this study, we observed a marked potentiation effect of
porcine serum on danofloxacin activities for H. parasuis but
not for P. multocida. This finding was in agreement with the
previous studies showing that incorporation of the increasing
amounts of serum to broth progressively reduced macrolides
MICs for seven bacterial species harvested from pigs (28, 30).
On the contrary, reduced antimicrobial activity in serum was
observed for moxifloxacin against Staphylococcus aureus (31). It
is therefore likely that serum potentiation effect is strain- and
drug-codependent (32). The complement and specific antibody
are considered as the key factors responsible for increased serum
activity (33). In general, a prolong PAE has a high likelihood
of predicting favorable outcomes (34). The findings of our
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TABLE 2 | PK/PD targets of danofloxacin in serum (AUCo4r/MIC) necessary to achieve the bacteriostasis, bactericidal, and eradication effects for the study organisms in

piglets.

Organisms MIC in serum (mg/L) Eo E max ECso N R2 Target values of AUC24,/MIC ratio (h) in serum ?
Bacteriostasis Bactericidal Eradication

P multocida

NM5-7 0.125 2.95 —4.29 38.9 3.13 0.93 33.1 58.7 86.8

CVCC434 0.031 1.29 —4.69 36.7 8.20 0.96 30.9 40.9 471

Mean NA 212 -4.49 37.8 5.67 NA 32.0 49.8 66.9

SD NA 0.83 0.20 1.10 2.54 NA 1.10 8.91 19.8

H. parasuis

4-10 0.063 2.05 —5.24 31.8 1.64 0.97 16.8 50.5 79.3

5-2 0.063 2.88 —4.59 12.8 1.80 0.98 10.2 24.6 50.5

LM15 0.031 1.91 —4.83 25.4 2.31 0.97 16.8 38.4 58.9

Mean NA 2.28 -4.89 23.3 1.92 NA 14.6 37.8 62.9

sD NA 0.43 0.27 7.89 0.29 NA 3.11 10.5 12.1

aThe bacteriostasis, bactericidal and eradication effects were defined as the net static, 3-log1o, and 4-log+q kill endpoints over 24 h; P < 0.05 for bacteriostasis AUC/MIC target between
P. multocida and H. parasuis (unpaired Student’s t-test); Bold values indicate the means and standard deviations (SD); NA, not applicable.
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study exhibiting the notable PAEs from 0.96 to 6.92h in a
concentration-dependent manner for both P. multocida and
H. parasuis, point to clinical treatment with fluoroquinolones
that cloud be administered at a longer dosing interval without
loss of efficacy. It is well known that fluoroquinolones disrupt
DNA synthesis by binding bacterial gyrase and topoisomerase,
the PAEs induced by danofloxacin may represent the lag time
for drug to dissociate from binding sites and to diffuse out of
bacteria (35).

Similar to other fluoroquinolones, danofloxacin have good
penetration into pulmonary epithelial lining fluid (ELF).
A previous bronchopulmonary PK study with danofloxacin
demonstrated higher peak concentration in ELF compared to

plasma in pigs, with a mean ELF/plasma AUC ratio of 5.4 (9).
Of note, the pharmacokinetic profiles of danofloxacin were linear
and proportional in piglets as described by the result of linear
regression analysis (R? = 0.951 for AUC,y;,) (36). The similarity
and proportionality of PK profiles potentially reflects passive
diffusion of danofloxacin from plasma to ELF. In this case, serum
could be used as a predictive surrogate for PD target assessment,
although the value of PD target could be relatively high (37).
The PD targets associated with bactericidal action in previous
fluoroquinolone studies has been a total AUC,4,/MIC of 88
for H. parasuis, and values 1.5- to 5-fold higher (121-451) for
gram-negative pathogens such as Escherichia coli and Salmonella
typhimurium (38-40). In our study with danofloxacin, the
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FIGURE 6 | Comparison of population distributions of danofloxacin doses for P multocida (A) and H. parasuis (B). The right triangle depicted the calculated target
doses for a PTA of > 90% to cover the overall MIC population distributions in this studly.

PD targets were lower for each of the bacteria tested. This
difference was most profound for H. parasuis with a mean
bactericidal AUC,4,/MIC of 37.8. Similarly, the AUC,4,/MIC
target identified for P. multocida (49.8) was modestly lower
than marbofloxacin with a bactericidal AUC,4,/MIC of 64.9
(41). These endpoints were roughly 2- to 9-fold lower than
comparative PD studies for veterinary fluoroquinolones. The
notable PK/PD efficacies for both H. parasuis and P. multocida
provide a fairly robust option for treating SRD, especially in
situations of bacterial coinfections due to mixed species.

At the current clinical dose of 2.5 mg/kg, the ECOFF
and COpp values of danofloxacin against P. multocida were
determined to be 0.03 and 0.125 mg/L, respectively. This

is similar with the EUCAST MIC breakpoint (0.06 mg/L)
used for levofloxacin and ciprofloxacin against P. multocida
(42). The clinical trial has been previously conducted to
investigate danofloxacin efficacy in Danish swine herds with a
naturally occurring outbreak of acute Pasteurella pneumonia. A
satisfactory response to treatment with 1.25 mg/kg danofloxacin
was observed in 87% of the diseased pigs (43). For H. parasuis,
danofloxacin COpp value (0.5 mg/L) was 8-fold greater than
ciprofloxacin MIC breakpoint against Haemophilus influenzae
(0.06 mg/L), but was equivalent to PK/PD breakpoints (0.25-0.5
mg/L) of other fluoroquinolones such as ofloxacin moxifloxacin
(42). Of note, danofloxacin ECOFF for H. parasuis (4 mg/L) was
higher compared to the corresponding COpp (0.5 mg/L) in this
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study. The over-estimated ECOFF value could be due to other
unknown resistance mechanisms and the limited number of
strains collected. A similar cutoff value (>2 mg/L) was observed
for enrofloxacin against Haemophilus somnus (13). This result
suggested that danofloxacin at 2.5 mg/kg may be insufficient
to combat swine respiratory infections due to H. parasuis with
high-level MICs of > 4 mg/L. Indeed, a higher danofloxacin
dosage of 13.36 mg/kg is required to achieve a PTA of > 90% for
bactericidal effect against the overall H. parasuis isolates collected
in this study.

CONCLUSION

In summary, we have demonstrated a large potentiation effect of
serum on the potency of danofloxacin for H. parasuis. Compared
with P. multocida, the PAEs and PA-SMEs of danofloxacin were
substantially longer for H. parasuis. The PK/PD targets and
cutoff values identified in this study will be useful in guiding
the optimum dosing regimen design for danofloxacin in the
context of specific PK exposure and MIC distribution, and in
the development of clinical breakpoints for the treatment of SRD
involving these pathogens.
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