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bioavailability, and excretion of
ponazuril in piglets
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Huanzhong Ding?, Li Li** and Xianhui Huang'*

!Guangdong Provincial Key Laboratory of Veterinary Pharmaceutics Development and Safety

Evaluation, College of Veterinary Medicine, South China Agricultural University, Guangzhou, China,
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Ponazuril is a triazine anticoccidial drug which is the main metabolite
of toltrazuril in animals, it has excellent activity against many protozoa,
including Cystoisospora suis, and has broad application prospects in the
control of swine coccidiosis. To evaluate the pharmacokinetic and excretion
characteristics of ponazuril, 12 healthy piglets aged 10-14 days were
divided into 2 groups for pharmacokinetic studies, which were given 20
mg/kg body weight ponazuril orally and intravenously, respectively. And 6
other piglets were housed individually in metabolic cages and given the
same oral dose of ponazuril. After administration, the concentration of
ponazuril in plasma, fecal, and urine samples collected was determined using
high-performance liquid chromatography (HPLC). The plasma concentration
profiles of ponazuril obtained after intravenous and oral administration
were analyzed simultaneously by the nonlinear mixed-effects (NLME) model.
Following the results, the pharmacokinetics of ponazuril exhibited a Michaelis-
Menten elimination with Michaelis-Menten constant Kmpn and maximum
metabolic rate Vi, of 10.8 wg/mL and 0.083 mg/kg/h. The apparent volume
of distribution was calculated to be 735 mL/kg, and the final estimated oral
bioavailability was 81%. Besides, cumulatively 86.42 + 2.96% of ponazuril was
recovered from feces and 0.31% + 0.08% from urine during 0—1,020 h after oral
administration. These findings indicated a good oral absorption of ponazuril in
piglets with nonlinear disposition and slow excretion largely via feces, implying
sustained drug concentration in vivo and long-lasting anticoccidial effects.
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Introduction

Cystoisospora suis (C. suis) is one of the most important pathogens causing swine
coccidiosis (1), which often leads to serious damage to the epithelial mucosa of the
jejunum and ileum of piglets, characterized by non-hemorrhagic diarrhea, resulting in
reduced growth performance and even death of piglets (2, 3), thus causing significant
economic losses to the pig farming industry. However, various drugs are also being used
for the control of coccidia in animals, Noack et al. have summarized in detail about
the anticoccidial drugs of the livestock industry, which include two main categories
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of polyether antibiotics or ionophores (such as monensin,
salinomycin, maduramicin, etc.) and synthetic compounds
(4).

Toltrazuril, a triazine antiprotozoal drug, has been approved by

(such as sulfonamides, amprolium, diclazuril, etc.)

the European Medicines Agency (EMA) for use in coccidiosis
in chickens and pigs (5-7). It acts on the entire intracellular
developmental stage of the protozoa (8, 9) and exhibits excellent
pharmacological activity, which has been confirmed by relevant
in vitro and in vivo studies (5, 10-13).

Ponazuril is a triazine drug with a molecular weight of
457 and partition coefficients (LogP) of 3.1 (14), also known
as toltrazuril sulfone, is the major metabolite of toltrazuril
in animals (5, 6), which has similar properties to toltrazuril.
Ponazuril is currently approved in veterinary medicine only
for the treatment of equine protozoal myeloencephalitis (15).
Moreover, it also has excellent activity against other parasites
such as coccidia, Neospora caninum, and Toxoplasma gondii
(5, 16-19), demonstrating a broad development prospect in
the future.

Certainly, the absorption, distribution, metabolism, and
excretion characteristics of drugs in animals are necessary
studies before they can be applied. The pharmacokinetic studies
of toltrazuril in different animals have been gradually revealed,
characterized by good oral absorption, long residence time in
the body, and significant interspecies differences (5, 20-22).
Although toltrazuril is mostly metabolized to ponazuril and
excreted through feces, which is similar in chickens, pigs, and
rats (5, 6), the kinetics of ponazuril itself in vivo need to be
further clarified.

Currently, the pharmacokinetics of ponazuril has been
reported in a variety of animals including cattle (23), goats (24),
camels (25), cats (26), horses (27), turtles (28), and weaned pigs
(29). But no relevant studies targeting ponazuril in piglets aged
0-4 weeks, which is the optimal administration time to control
coccidiosis, have been published thus far. To further characterize
and validate the absorption, elimination, and excretion of
ponazuril at different animal and day ages, particularly, we used
2-week-old piglets for pharmacokinetics and excretion studies of
ponazuril and set up an intravenous administration to assess its
oral bioavailability.

Materials and methods

Chemicals and reagents

Ponazuril reference standard (100%), ponazuril suspension
(5%), and ponazuril injection (5%) were provided by Hubei
tech. Itd.
China). Acetonitrile and methanol [high-performance liquid
chromatography (HPLC) grade] were purchased from ANPEL
Laboratory technologies (Shanghai) Inc. (Shanghai, China).

Longxiang Pharmaceutical (Huanggang,

co.,

Water was purified using a water purification system from
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Kangning Tech (Chengdu, China). Hydrophilic lipophilic
balance (HLB) solid phase extraction (SPE) column was
purchased from Waters Corporation (Milford, MA, USA).
Other chemicals used were of analytical grade and purchased
from Damao Chemical Reagent Factory (Tianjin, China).

Animals and feeding

Ethical approval for all experiments in pigs was obtained
from the Animal Ethics Committee of South China Agriculture
University. A total of 18 healthy piglets (Yorkshire x Laiwu)
weighing 3.36 &+ 0.32kg, 10-14 days aged, were used in this
study. The animals were housed in an environment with suitable
temperature and humidity, given standard commercial suckling
pig feeds 3 times a day, and supplemented by artificial milk.
Water was provided ad libitum during all experiments.

Pharmacokinetic study

Pigs were randomly divided into 2 groups (n = 6 each),
Group A received a single oral administration of 20 mg/kg body
weight (bw) of ponazuril suspension, and blood samples were
collected at 0.5, 1, 6, 12, 24, 36, 48, 72, 96, 144, 240, 360, 480,
720, and 960 h after administration. Group B received ponazuril
intravenously at the same dose as Group A, and blood samples
were collected at 0.17, 1, 6, 12, 24, 48, 72, 96, 144, 192, 240, 360,
480, 720, and 960 h after administration. The doses were selected
concerning the recommended dose of toltrazuril suspension
in piglets (7, 30). All blood samples (~2mL) were collected
from the anterior vena cava and transferred to heparinized
polypropylene centrifuge tubes, centrifuged at 1,250 x g for
10 min, and the plasma was collected and stored at —20°C
until analysis.

Excretion study

Six healthy piglets were housed individually in metabolic
cages and given a single oral administration of 20 mg/kg bw of
ponazuril suspension. Urine and fecal samples were collected
at intervals of 0-12, 12-24, 24-36, 36-60, and 60-84h, and
every 24 h thereafter until 1,020 h when we could not accurately
determine ponazuril in the samples. The urine and feces samples
were stored at —20°C until analysis.

Sample pretreatment
The selectivity was investigated by analyzing and comparing

blank plasma, urine, and feces from the animals before
administration with the corresponding spiked matrices and the
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samples collected after dosing. And the samples were extracted
by adding appropriate concentrations of ponazuril to blank
plasma, fecal, and urine samples as a way to evaluate the linearity
as well as the recovery accuracy and precision of ponazuril.

Plasma procedure

The plasma samples were thawed at room temperature
and vortexed. 1 mL of acetonitrile was added to 500 pL
of plasma sample in a 2mL centrifuge tube, vortexed for
1 min, and centrifuged at 5590 x g for 10 min at 4°C. The
supernatant of the mixture was evaporated under a nitrogen
stream at 45°C. The residue was re-dissolved with 1 mL of
acetonitrile/water (46/54, v/v), and filtered through a 0.22 pm
filter for HPLC analysis.

Feces procedure

The fecal samples were thawed at room temperature and
vortexed. 1g of each fecal sample was weighed into a 50 mL
centrifuge tube and 10mL of acetonitrile was added. The
mixture was vortexed for 3min, shaken for 20 min, and
centrifuged at 6,700 x g for 15min at 4°C, 2 mL of supernatant
was transferred to a glass tube, and 7 mL of water was added to
obtain the reserve solution. An HLB SPE column (60 mg/3 mL)
was activated successively with 3 mL methanol and water, and
the reserve solution was all drawn into the extraction column,
then rinsed successively with 3 mL water and acetonitrile/water
(3/7, VIV), and eluted with 3 mL acetonitrile. The eluate was
evaporated under a nitrogen stream at 45°C. Finally, the residue
was re-dissolved with 1 mL of methanol/water (1/1, v/v), and
filtered through a 0.22 pum filter for HPLC analysis.

Urine procedure

The urine samples were thawed at room temperature and
vortexed. 1.0 mL of each urine sample was aspirated into a 15 mL
centrifuge tube and 2 mL of 0.2% acetic acid in acetonitrile was
added. The mixture was vortexed for 3 min and centrifuged at
5,590 x g for 10 min at 4°C. 3 mL dichloromethane was added
into the supernatant before the mixture was vortexed for 3 min
and centrifuged (2,740 x g, 4°C) again. Then the lower phase
liquid was evaporated in a new glass tube under a nitrogen
stream at 45°C, and the residue was re-dissolved with 1 mL of
methanol/water (1/1, v/v), and filtered through a 0.22 pm filter
for HPLC analysis.

HPLC-UV instrument and analytical
conditions

The ponazuril in all biological samples was analyzed by an
HPLC system equipped with an LC-20AT pump, an SPD-20A
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FIGURE 1

Final model structure of ponazuril pharmacokinetics following
oral and intravenous dosing in healthy piglets. V, central volume
of distribution; V2, peripheral volume of distribution; K,
Michaelis-Menten constant; V,,, maximum metabolic rate; Cl,,
clearance from central to peripheral compartment; K,
absorption rate constant; F, absolute oral bioavailability; Xa,
absorbed dose.

UV detector (Shimadzu, Kyoto, Japan), and a Kinetex EVO C18
column (250 x 4.6 mm, 5 um) (Phenomenex, USA). The mobile
phases used were potassium dihydrogen phosphate solution
(0.680 g of potassium dihydrogen phosphate was dissolved in
900 mL of water. The pH value was adjusted to 5.0040.05 with
potassium hydroxide solution and made to a constant volume
of 1L) (A), acetonitrile (B), and 0.1% formic acid in water (C).
The plasma, urine, and fecal samples were determined using an
isocratic mobile phase of C/B (54/46), A/B (56/44), and A/B
(55/45), respectively, with follow rate of 1 mL/min and detection
wavelength at 255 nm.

Pharmacokinetic analysis

Simultaneous analysis of intravenous (IV) and oral
(PO) concentration-time data was based on the nonlinear
mixed-effects (NLME) model in Phoenix 8.1 (Cetera, USA).
A two-compartment model including a Michaelis-Menten
elimination (Figure 1) was built to fit the pharmacokinetic
process of ponazuril in piglets, and the population-level
parameters (fixed effects) were estimated using Quasi-Random
Parametric Expectation Maximization (QRPEM) algorithm
with a multiplicative + additive residual error model. In
the modeling process, no covariates were added and the
random effects of between-subject variability (BSV) on model
parameters were evaluated for the structural parameters V, Vpy,
and Clp, with an exponential model as follows:

Pi =6 - exp (ni) (1)
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where Pj is the parameter estimate for ith individual, 0 is the
typical value of the parameter in the population. 1; is a random
variable of individual i with mean of zero and variance of w?.

The selection and optimization of the model structure were
guided by the Akaike’s information criterion (AIC), Bayesian
information criterion (BIC), —2 log-likelihood criterion (-
2LL), and graphical analysis of observed vs. model-predicted
concentrations at the population and individual levels. Besides,
the situation of conditional weighted residuals (CWRES) over
the population predicted concentrations and vs. time was
evaluated. For the final model structure, a bootstrap analysis
was performed by resampling 200 times from the random
selection to verify the stability and accuracy of various model
parameter estimates at 95% confidence intervals (CI). And a
visual predictive check (VPC) was used to evaluate the ability of
the model to predict variability in observed data, this consisted
of the simulation of 2,000 hypothetical samples with the final
model and the fit between the simulated and observed quantiles.

When the pharmacokinetics of ponazuril had to be analyzed
with the Michaelis-Menten model, we also used the linear
trapezoidal method from noncompartmental analysis (NCA) to
calculate the area under the concentration-time curve (AUC)
from 0 to last measurable concentration, while comparing it with
the NLME model estimates to assess the bias of the results.

Results

Chromatographic characteristics of
ponazuril

As shown in Figure 2, the target peak was well resolved, with
satisfactory shapes, and the retention times of ponazuril in the
plasma, fecal, and urine matrices were approximately 11.2, 12.3,
and 11.3 min, respectively.

Method validation

The standard curves for ponazuril were linear (r>0.99)
in the range of 0.1-20 wg/mL for plasma, 0.25-100 ug/g for
feces, and 0.05-5pg/mL for urine, the respective regression
equation, as well as the limits of detection (LOD) and limits of
quantification (LOQ) for each biological sample are summarized
in Table 1.

The results of the methodological validation are listed in
Table 2. The mean recoveries in plasma, feces, and urine ranged
from 97.3 to 102.0%, 89.6 to 95.9%, and 93.5 to 99.2%, with
intraday variation ranging from 0.43 to 4.27%, 1.76 to 3.17%,
and 0.97 to 7.62%, and interday variation ranged from 0.65 to
3.58%, 2.40 to 3.63%, and 1.16 to 6.43%, respectively.
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NLME parameter estimates and model
evaluation

The concentration-time data of ponazuril in piglets
after oral and intravenous administration is summarized in
Supplementary Tables 1, 2. The blood concentration-time curve
is shown in Figure 3.

Combined with the observation of concentration-time data
and the smaller values of —2LL, AIC, and BIC, a two-
compartment model with Michaelis-Menten elimination for the
IV and PO route was selected to best fit the pharmacokinetics
of ponazuril in plasma. As seen in Figures4-6, visual
inspection of the goodness-of-fit plots, which consist of the
distribution of CWRES and the bias between model population
and individual predictions and observed concentrations of
ponazuril, all showed acceptable goodness-of-fit for the
final model of ponazuril. Table 3 summarized the parameter
estimates of the final model, the population bioavailability
was calculated as 81%, with an estimated absorption rate
constant of 0.041 1/h. The volume of distribution was 611
and 124 mL/kg for the central and peripheral compartments,
respectively. And the values of Michaelis Menten kinetic
parameters Ky, and Vi, were estimated as 10.8 pg/mL and
0.083 mg/kg/h.

Table 3 also provided the median with 95% CI parameter
estimates obtained from 200 bootstrap operations, which are
highly close to the parameters finally estimated by the QRPEM
algorithm, suggesting the accuracy and stability of the model.
In addition, the VPC simulation plot (Figure 7) showed that
the predicted quantiles profiles follow the same trend as the
observed values with a prediction interval of 10-90%, indicating
that the final NLME model reliably estimated and predicted the
pharmacokinetic parameters of ponazuril.

Excretion study

After a single oral administration, the cumulative excretion
curve of ponazuril in the feces and urine of piglets is shown
in Figure 8, and detailed excretion data can be found in the
Supplementary Tables 3, 4. Cumulatively, 86.42 £ 2.96% of
ponazuril was recovered in feces and 0.31 & 0.08% in urine
during the sampling period of 0-1,020 h (42.5 d). The majority
of ponazuril was excreted in the feces and urine at around
972h (40.5 d) after dosing. The results indicated that ponazuril
was excreted slowly, mainly in the feces, with a small amount
appearing in the urine.

Discussion

In this study, following intravenous administration, as
demonstrated in Figure 3, the plasma concentration of ponazuril
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FIGURE 2

Representative chromatogram of ponazuril. Blank plasma (A1), feces (B1), and urine (C1); Spiked plasma (2 ng/mL) (A2), feces (25 ug/g) (B2),
and urine (1 pg/mL) (C2); Plasma (A3), feces (B3), and urine (C3) samples collected after oral administration of ponazuril (20 mg/kg bw).

TABLE 1 Calibration curve and LOD&LOQ of ponazuril.

Matrixes LOD and LOQ Linear range Regression equation Determination coefficient (rz)
Plasma 0.02 and 0.1 pg/mL 0.1-20 pg/mL C =3.7432x107°A—0.0233 0.9994
Feces 0.1and 0.25 pg/g 0.25-100 png/g C=12673x10""A—0.0333 0.9988
Urine 0.02 and 0.05 pg/mL 0.05-5 pg/mL C =1.2843x107°A—0.0054 0.9996

A, peak area of ponazuril; C, concentrations of ponazuril in biological samples.

exhibited a typical plateau phase of nonlinear disposition in
the first 200 h, after which concentrations declined rapidly and
elimination slowed again around 600 h. This nonlinear process
means that it could not be accurately analyzed by conventional
compartmental models, and to obtain kinetic parameters for the
absorption and elimination of ponazuril in piglets, particularly
bioavailability, Vy, and Ky, this required us to analyze
intravenous and oral data simultaneously. Considering that all
individual pharmacokinetic data of ponazuril were obtained
from different piglets, making the application of the NLME
model possible. With the evaluation of —2LL, AIC, BIC, and
other model diagnostic results, we fitted the pharmacokinetic
process of ponazuril well using a two-compartment model
including Michaelis Menten elimination. And the absolute oral
bioavailability of ponazuril estimated by the final NLME model
was approximately 81%, while the bioavailability calculated
using the AUC ratio method was about 60%, obviously the
former is closer to the actual situation. As mentioned in the
literature review, the calculation of bioavailability in terms of
AUC is based on the premise that the clearance of a drug in vivo
is constant, i.e., the AUC is proportional to the total amount
of drug reaching the systemic circulation. In contrast, when
the drug exhibits Michaelis-Menten elimination, the clearance
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depends on the concentration, which may lead to a small AUC
estimate after extravascular administration (31). Jusko et al.
also found that the bioavailability determined by the Michaelis-
Menten approach was higher than the values determined by the
conventional method of area ratios (32). And for the clearance,
when the pharmacokinetic was linear, we derived its value from
Vm/Km as 7.7 mL/h/kg whereas NCA gave 2.9 mL/h/kg from
the dose to AUC ratio. The present findings provide evidence
that the NCA approach is not absolutely applicable to the
pharmacokinetic analysis of ponazuril in pigs. However, similar
results had not been reported in any previous literature, which
requires further consideration for the in vivo disposition of
ponazuril in future studies.

Furthermore, the apparent volume of distribution estimated
by NLME was 735 mL/kg. In general, animal total body
fluid represents 60% of body weight and plasma is 4.5-5%
(33), Tollerz reported total body water content represents
approximately 72.8% of body weight in piglets (34), and for
piglets in this study with an average body weight of around
3.4kg, the apparent volume of distribution of ponazuril was
similar to the total body fluid volume, suggesting a high degree
of systemic distribution. Of note, the central distribution volume
was much larger than the peripheral distribution volume,
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TABLE 2 Recovery and precision values for the determination of ponazuril.

Concentrations of ponazuril Average intraday
recovery (%)

Coeflicient of intraday
variation (%)

10.3389/fvets.2022.1054417

Coefficient of
interday

Average interday
recovery (X % SD)

(%) variation (%)
1 2 3 1 2 3

Plasma 0.1 98.7 102.0 97.3 2.30 4.27 241 99.4 + 3.56 3.58
(ng/mL)

2 99.8 100.7 98.3 1.01 043 0.74 99.6+ 1.25 1.25

20 99.7 100.0 99.0 0.43 0.71 0.44 99.6 £ 0.65 0.65

Feces (jug/g) 0.25 95.9 89.6 90.6 1.76 230 2.00 92.0 + 3.34 3.63

25 92.0 93.6 94.0 2.29 2.46 2.34 93.24+2.24 2.40

100 93.9 95.2 94.5 2.77 2.97 3.17 94.5 + 2.67 2.82

Urine (pg/mL) 0.05 935 97.6 935 7.62 5.95 5.78 94.9 £ 6.10 6.43

1 98.3 98.8 98.8 1.34 0.97 1.29 98.6 1.15 1.16

5 992 97.4 98.9 6.15 6.09 5.87 98.5 = 5.64 5.73

X + SD, mean =+ standard deviation.

TABLE 3 Estimated pharmacokinetic parameters of ponazuril after oral and intravenous administration and bootstrap precision diagnostic results.

Parameter QRPEM Bootstrap analysis

Estimate CV (%) BSV (%) 2.5t percentile Median estimate 97.5t percentile CV (%)
V (mL/kg) 611 22.96 2.34 552 610 695 6.30
V2 (mL/kg) 124 64.23 / 81 117 212 63.99
K (g/mL) 10.8 33.15 / 6.9 10.6 17.7 26.80
Vo (mg/kg/h) 0.083 16.02 0.09 0.064 0.083 0.105 12.90
Cl, (mL/h/kg) 0.31 94.76 44.32 0.13 0.34 0.67 38.29
Ka (1/h) 0.041 11.56 / 0.033 0.041 0.055 13.49
F (%) 81 10.00 / 67 82 87 527
AUC (h-pg/mL)
NLME 6,640 + 419 (4,045 + 108)
NCA 6,893 + 623 (4,116 + 301)

CV, coefficient of variation of the estimated parameter; BSV for random effects parameters expressed as CV% (w?) and calculated as CV% (w?) = \/exp (@?) — 1 x 100%; AUCs were
estimated separately at individual level by the final NLME model and NCA, and presented as mean = SD, distinguished by IV (PO) values.

revealing that ponazuril is mostly distributed in the plasma
as well as in some blood flow-rich tissues and organs in pigs
(35), which may be associated with the lipophilicity of ponazuril
(LogP = 3.1). For the model fits, the CV% of V2 and Cl,
estimated by NLME were high and the bootstrap procedure gave
better values, but still >30%. This is an estimation issue, which
may be linked to the fact that the data collected was insufficient
to support the algorithm for the peripheral compartment
parameters, but the results returned by other model diagnostics
were all satisfactory, including the fitted individual AUCs that
were similar to the values calculated by NCA, verifying that the
accuracy of the model fit was reliable.

Nonlinear kinetics occurs when one or more processes of
absorption, distribution, metabolism, or excretion are saturable.
That is a situation in which the rate or extent of a process
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cannot increase proportionally to the dose or concentration and
approaches an upper limit (36). For ponazuril or toltrazuril,
there are no early findings to demonstrate its saturability
in physiological processes, but we can speculate from the
pharmacokinetic results about the possibility of its non-
linear absorption or saturable metabolism. Zec et al. reported
that ponazuril in peafowl was absorbed orally with Cpax of
11.82 ug/mL and 18.42pg/mL for 20 and 40 mg/kg doses,
respectively. But the increase in plasma concentration and AUC
were not proportional to a doubling of the dose, indicating
potential nonlinear absorption in these birds (37). From the
present study in piglets, ponazuril peaked at about 48h after
a single oral dose of 20 mg/kg bw with a mean concentration
of 18 ug/mL. In comparison, Zou et al. found that the blood
concentration of ponazuril peaked at 5.8 ug/mL at around
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FIGURE 3
Plasma concentration-time curves of ponazuril (20 mg/kg bw) in piglets after oral administration and intravenous injection. Data represent mean
=+ SD values for 6 pigs (linear scale; inset: semi-logarithmic scale).

42h after a single oral dose of 5 mg/kg bw to 6 weaned
pigs aged 2-3 months (29), and it could be noticed that
the degree of absorption did not increase proportionally to
the dose. Of course, the gastrointestinal physiology of pigs
of various ages is different, such as the pH in the digestive
tract will fluctuate before and after weaning (38, 39), and the
gastrointestinal emptying time in piglets is shorter than that of
growing pigs (40-43), etc. We found no evidence of possible
carrier system saturation, plasma protein binding saturation, or
saturable first-pass metabolism of ponazuril, mechanisms that
are usually associated with nonlinear absorption (44). Another
point, both toltrazuril and its metabolites are poorly soluble
in water (45), the lipophilicity will cause an upper limit to
its solubility in the gastrointestinal environment, which may
lead to a misestimation of bioavailability. Pharmaceutical dosage
forms should also be considered. Furr et al. demonstrated that
the combination of ponazuril with oil increased the serum and
cerebrospinal fluid concentrations of ponazuril in horses after
oral administration (27). Dirikolu et al. used dimethyl sulfoxide
(DMSO) as an oral solvent for ponazuril and performed
pharmacokinetic tests in horses, and the results of cross-testing
of ponazuril showed that the absolute bioavailability of ponazuril
in DMSO was 71%, which was about 3-fold higher compared
to the aqueous suspension. And the absorption half-life also
increased from 6.16 to 7.91h (46). The current study assessed
an unbiased bioavailability using the NLME model, yet the
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main shortcoming is the absence of a multi-dose experimental
design, which would help to examine the potential non-linear
mechanisms of ponazuril more scientifically.

More importantly, thanks to the collected intravenous
data, we clearly observed the saturation kinetic process of
ponazuril. Most of the mechanisms of capacity-limited kinetics
are probably related to the saturation of metabolic enzymes, a
classic example being the metabolism of phenytoin (32). The
pharmacokinetic data obtained from piglets disclosed that the
kinetics was nonlinear and saturable if the plasma concentration
of ponazuril was near or above K, (10.8 ug/mL), and became
linear at plasma concentrations below about 1pg/mL. In
clinical applications, the metabolic profile of ponazuril caused
its slow elimination and significantly prolonged its residence
time in vivo, as has been described in various animals. The
average plasma elimination half-life (T} /2) of ponazuril in cattle
has been reported to be around 58h (23). However, plasma
concentrations of ponazuril in the goats peaked at about 36 h
after a single oral administration and were then eliminated with
an average Ty 7 of 129 h (24). In llamas, the serum concentration
of ponazuril peaked at 84h after a single dose of 20 mg/kg
bw, with a reported elimination Ty, of 135.5h (25). After a
single oral dose of ponazuril at 50 mg/kg in cats, the Cmax
in plasma was relatively low at 7.49 ug/ml with a Tmax of
14.67 h, while the elimination T}/, was 136 h. But the authors
did not further describe possible non-linear absorption at such
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high administered doses (26). And in the study of Zou et al.,
the Ty, of ponazuril in pigs after single oral administration
was estimated as 135h (29). Before the present work, few
studies have evaluated the oral bioavailability of ponazuril
using intravascular administration in these animals, and their
pharmacokinetic profiles show varying degrees of interspecies
variation. Since ponazuril shows Michaelis-Menten kinetics in
some cases, its actual origins of metabolism and clearance need
to be further elucidated.

According to the data of monitoring in feces and urine,
the excretion of ponazuril in the feces rose rapidly from 0
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to 60h (2.5 d), cumulatively reaching more than 50% of the
administered amounts, which should contain the unabsorbed
portion of the gastrointestinal tract and the parent compound
that was excreted via the systemic circulation, and then the
excretion rate slowed down until it was no longer quantifiable
at 972 h (40.5 d) after dosing, with the total amount of ponazuril
in the feces reaching 86.42 £ 2.96%. Meanwhile, the excretion
of ponazuril in the urine was less until a total amount of 0.31
=+ 0.08% was recovered at 300 h (12.5 d) after dosing (Figure 8).
These results suggest that ponazuril was excreted slowly from
piglets after oral administration mainly in the prototype form
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through feces. A radiotracer study of *C-toltrazuril in piglets
following oral administration noted that the major route of
excretion was via feces (73.33% of the recovery radioactivity),
and the main metabolites in the feces were toltrazuril and
toltrazuril sulfone (ponazuril), which accounted for 12.88 and
71.27% of the radioactivity at 21 days post-dose, respectively (6).
Therefore, we previously inferred that most of the ponazuril in
piglets remained to be excreted in parent form through feces,
and the results also tentatively support this presumption.
Fortunately, ponazuril exhibits lower toxicity than its parent
compound, toltrazuril, in rats and dogs with higher non-
observed effect level (NOEL) (5). Toltrazuril was considered

Frontiersin Veterinary Science

09

practically non-toxic with an oral LD5y of >5000 mg/kg in
mice and was well tolerated by 7-day-old piglets at 100 mg/kg
bw orally, which is 5 times the recommended dose (6). It
suggested a wide margin of safety after oral administration
of this series of drugs. As for therapeutic levels, although
no pharmacodynamic studies in vitro have been reported to
evaluate the therapeutic level of ponazuril against C. suis,
Lindsay et al. demonstrated that 1 jLg/mL ponazuril was effective
in inhibiting the merozoite production over 90% of Sarcocystis
neurona (47). And Mitchell et al. determined that ponazuril
significantly inhibited Toxoplasma gondii tachyzoite production
at 0.1-5pug/mL in African green monkey kidney cells (48).
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Corresponding to nonlinear pharmacokinetic observations
in piglets, the blood concentration of ponazuril remained
above 1 ug/mL until approximately 480h after a single oral
dose of 20 mg/kg bw, which is essential for the potential
therapeutic concentration. In addition, Karembe et al. reported
the disposition kinetics of toltrazuril and ponazuril in plasma
and the intestinal tissues after oral and intramuscular application
of toltrazuril in piglets. This study observed that after the
metabolism of toltrazuril to ponazuril, both showed significant
and sustained concentrations in the jejunal tissue where C.
suis mainly colonize, as well as in the intestinal contents
(49). We have not yet obtained sufficient data to demonstrate
the mechanisms involved in the higher and more sustained
plasma, tissue, and fecal concentrations. Ultimately, however,
the maintenance of effective drug concentrations in vivo is
beneficial in helping piglets against coccidiosis infection during
the growth phase (50).

Conclusion

This study first showed the absolute oral bioavailability
of ponazuril in 2-week-old piglets with Michaelis-Menten
elimination, and slow excretion largely via feces. The relevant
pharmacokinetic parameters and excretion patterns obtained
can also serve as a theoretical foundation for subsequent
metabolic and tissue distribution studies of ponazuril, and
provide a basis for its further progress toward application in
food animals.
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