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45 INTRODUCTION... being mild signs appearing acutely and progressing with time.
- 46 ' Although there are a number of commercially available tests to

47 Equine protozodl:myeloencephalitis (EPM) is the most important detect antibodies to S. neurona, all have similar shortcomings;
48 infectious neurolc gic disease of Western Hemisphere horses; it is therefore, diagnosis of EPM is very challenging, requiring careful
49 caused by Sare is ineurona and, less commonly, Neospora evaluation of the animal's history, clinical signs, and laboratory
50 iplexan protozoal parasites. EPM interferes data, along with rigorous exclusion of other causes. Definitive
51 / to perform, race, and work, and untreated diagnosis of EPM depends on the necropsy demonstration of
52 EPM can be lethal. As the location of the causative organism in typical CNS lesions of the disease and/or presence of the
53 the CNS is random, the clinical signs of EPM are highly variable. causative organism. In the case of relapse and lack of response
54 As such, any combination of neurologic signs is possible, to treatment, the diagnosis of EPM should be reevaluated.
55 although spinal cord involvement is the more usual presenta- Toltrazuril sulfone, also known as ponazuril (1,3,5-triazine-2,4,6

56 tion. Onset may be acute or gradual, the common usual pattern (1H, 3H, 5H)-trione,1-methyl-3-(3-methyl-4-((4 trifluoromethyl)
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sulfonyl) phenoxy) phenyl), is a triazine-based antiprotozoal
agent with highly specific actions against the apicomplexan
group of organisms. Toltrazuril sulfone and toltrazuril sulfoxide
are the major metabolites of toltrazuril following its oral dose as
Baycox® at 10 mg/kg (Furr & Kennedy, 2000). Both of these
metabolites have the ability to pass across the blood-brain
barrier, and mean steady-state concentrations of toltrazuril
sulfone in cerebrospinal fluid (CSF) after 10 days of treatment
were 0.09, 0.157, and 0.223 ug/mL following daily oral doses
of toltrazuril at 2.5, 5 and 7.5 mg/kg, respectively. No signs of
toxicity of toltrazuril were observed in this study following
2 months or longer oral administration of toltrazuril (Furr &
Kennedy, 2000). The efficacy of toltrazuril sulfone in inhibiting
merozoite production of S. neurona in cell cultures was recently
reported (Lindsay et al., 1999). This study showed the complete
inhibition of merozoite production in cell cultures of S. neurona
treated with 0.1-1 pg/mL toltrazuril sulfone.

Toltrazuril sulfone (ponazuril, Marquis™) has recently been
evaluated for the treatment of EPM in a study sponsored by
Bayer Animal Health (Pittsburgh, PA) (Furr etal, 2001).
Approximately 100 horses that had not been previously treated
for EPM were treated for 28 days with a paste formulation of
ponazuril either at 5 or 10 mg/kg. Seventy-one percent of horses
showed clinical improvement with no signs of toxicity. CSF
concentration of toltrazuril sulfone was found to be 1504
180 ng/mL from days 7-28, falling to 20 ng/ml. 7 days after
treatment following the oral dose of ponazuril at 5 mg/kg/day
(Furr et al., 2001). Recently, toltrazuril sulfone (Marquis

Bayer Corporation, Agriculture Division, Shawnee Mlssmn
Kansas. i, e :

Previous studies have identified triazine-based. afl pretozoal
agents for the treatment and prophylaxis .of
(Granstrom et al., 1997; Bentz et al.,
1999), and in vitro studies confirm that;
to triazine-based antiprotozoal age
tozoal agents are known for their lip
they may be expected to be_wel

Dirikolu et al,
a is sensitive

(Houston et al., 1974)
increase in lipid solubility increases the rate of absorption of
chemicals, extremely lipid=soluble chemicals may have poor oral
bioavailability, both bécause highly lipophilic molecules (e.g. if
Log P > 7) can'be retained in the lipid portion of the plasma
membrane (Martinez & Amidon, 2002) and because highly
mp s are more difficult to dissolve in GI fluids
(Houston et al., 1974). If the compound administered is a solid
and is relati soluble in GI fluids, it will have limited
contact with t I mucosa, and therefore, its rate of absorption
will be low (Gorringe & Sproston, 1964; Bates & Gibaldi, 1970).
On this basis, we elected to develop a highly bioavailable oral
formulation of toltrazuril sulfone, namely toltrazuril sulfone
sodium salt.

was
approved by Food and Drug Administration to be use Tor the v
treatment of EPM. Toltrazuril sulfone (Marquis® ) is marketed:by:*

Toltrazuril sulfone sodium salt was synthesized with the goal
of developing a highly bioavailable oral formulation of teltrasusil’
that can be used for the treatment and prophylaxis of EPM and
other apicomlexan-mediated diseases in the horse and other
animals. The primary objectives of: the:: present study were
therefore to establish the bloavallab'lllty and ‘pharmacokinetic
parameters of toltrazuril sulfone sodium salt and to establish
whether or not this sodium salt formulation of toltrazuril sulfone

can be used as a feed additive’ forrnulat_ion in the horse.

MATERIALS AND METHODS{;:

Horses and sample: collection -

Horses were provided-by Saxony Farms (Versailles, KY) and were
maintained on grass hay and feed (12% protein), which was a
50:50 mixture of oats and an alfalfa-based protein pellet. Horses
twice. daily. Horses were kept in a 20-acre field until
in box stalls, where they were provided water
e im. Horses were not fed for at least 2 h before and
after oral'administrations of each drug formulation included

- in this study. The horses were managed according to the rules

and regulations of the University of Kentucky’s Institutional
Animal Care and Use Committee, which approved the experi-
mental protocol.

M this study, five groups of horses each received ore of the
following formulations of toltrazuril sulfone: (i) 2.2 mg/kg
toltrazuril sulfone orally and 1 mg/kg toltrazuril sulfone intra-
venously (crossover study) formulated in medicinal-grade dim-
ethylsulfoxide (DMSO) m:4), (ii) 2.2 mg/kg toltrazuril sulfone
suspended in water administered with nasogastric intubation
a2}, (iii) 2.2 mg/kg toltrazuril sulfone sodium salt administered
by direct application on the oral mucosa (between gum and
cheek), (iv) toltrazuril sulfone sodium salt as a feed additive in
0.5 oz beet pulp added to 1 Ib sweet feed.

We used a randomized crossover study with a 2 x 2 latin
square design to determine absolute bioavailability and phar-
macokinetic characteristics of toltrazuril sulfone formulated in
DMSO following oral administration in the horse (Dirikolu et al.,
2009). Four mature Thoroughbred mares weighing 453-526 kg
were used for the toltrazuril sulfone study. Toltrazuril sulfone
(150 mg/mL in DMSO) was administered either orally or
intravenously to horses at a single dose of 2.2 mg/kg or
1 mg/kg, respectively. Horses were allowed a 3-week interval
between subsequent dosage regimens after the last sample
collection. Blood samples were collected at 0, 0.16, 0.33, 0.5, 1,
2, 4, 8, 24, 48, 72, 96, 120, 144, and 168 h into heparinized
tubes that were centrifuged at 4 °C 2000 g for 15 min, and the
plasma stored at —20 °C until assayed.

In a second experiment, four mature Thoroughbred mares
weighing 482-564 kg were used for the toltrazuril sulfone
sodium salt study. Toltrazuril sulfone sodium salt was adminis-
tered by the direct application of 2.2 mg/kg of salt to the oral
mucosa (between gum and cheek). Blood samples were obtained
for analyses at 0, 1, 2, 4, 8, 24, 48, 72, 96, 120, 144, and

© 2011 Blackwell Publishing Ltd
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168 h, and plasma samples were prepared and stored as
described previously.

In a third experiment, four mature Thoroughbred mares
weighing 536-573 kg were used to evaluate toltrazuril sulfone
sodium salt as feed additive formulation. Toltrazuril sulfone
sodium salt was administered as a feed additive at 2.2 mg/kg in
0.5 oz. beet pulp added to 1 Ib. sweet feed. Blood samples were
collected for analyses at 0, 1, 2, 4, 8, 24, 48, 72, 96, 120, 144,
and 168 h into heparinized tubes. Plasma samples were
prepared and stored as described previously.

In a fourth series of experiments, toltrazuril sulfone was
administered to two mature horses weighing 500-545 kg at a
single oral dose of 2.2 mg/kg of toltrazuril sulfone suspended in
0.5 L water, by nasogastric intubation (Dirikolu et al., 2009).
Blood samples were collected at 0, 1, 2, 4, 8, 24, 48, 72, 96,
120, 144, and 168 h as described earlier.

Toltrazuril sulfone synthesis

Preparation of toltrazuril sulfone from Baycox®. Recovery of

toltrazuril from Baycox®: Toltrazuril was recovered from Bay-

cox® suspension and converted to toltrazuril sulfone as described

by Dirikolu et al., 2009. Briefly, the Baycox® suspension was
centrifuged for 0.5 h at 4000-spm % g, the upper solution wa
decanted, the precipitate was resuspended in water, and th
resulting suspension was centrifuged for 5 min at 4000-rpm % &,
This wash step was repeated twice, following which the white
toltrazuril precipitate was dried for 12 h at 70 °C and' 8
105 °C. This material was placed in 1.5 L of acetone, sti
reflux for 3 h and filtered through celite to remove a gra
admixture. The acetone was then evaporated, and:
pure toltrazuril dried for 8 h at 70 °C.

To obtain toltrazuril sulfone, toltrazuril (255
in hot acetic acid (1.2 L) and hydrogen perox
was added. The reaction mixture was s
100 °C, and every 24 h, 50 mL (150.¢
gen peroxide (30%) was added. After
was poured into 8 L ice water
precipitate was washed with water,

tered. The obtained
at 105 °C for 8 h,
toltrazuril sulfone, which
ou adding of ethyl alcohol
(1 L), stirring at reflux for ‘2 h and filtration. The white
ith ethyl alcohol (200 mL) and dried
tain 24 g of 99.7% pure toltrazuril

for Sh at 80 °C to
sulfone determined.b
(m.p.) 242-244 °Cl"4nd gas chromatography/mass spectro-
metry (GC/MS). :Mass::spectrometry was performed with an
Agilent (Santa ‘Clara, CA, USA) 6890 gas chromatrograph
interfaced wi 59 72:mass selective detector. Separations were
performed on a DB:5MS (5% phenyl-95% methylpolysiloxane)
column (I&W Scientific, now part of Agilent). Column dimen-
sions were 30t x 0.25 mm X 0.25 4 film thickness. Electron
impact mass spectrometry was performed at 70 electron volts,
and spectra were recorded in the m/z 50-550 mass range and
analyzed with Agilent Chemstation software. As shown in Fig. 1,
a selected ion chromatogram for toltrazuril sulfone [457 m/z,

© 2011 Blackwell Publishing Ltd
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Fig—1y Conversion of toltrazuril sulfone to toltrazuril sulfone sodium salt.

ion (mglecular ion)] and toltrazuril demonstrated lack of
il starting compound (425 m/z, M-ion), indicating
“purity of approximately 99.7%. Approximately 10 ug

“.of toltrazuril sulfone was injected on column; GC conditions:

150 °C1{2 min), followed by 20 dpm to 280 °C (held 17.5 min).

= The injector was 250 °C, the detector was 280 °C, the solvent

was dichloromethane, and the volume injected was 1 ul.
Toltrazuril sulfone was identified by electron impact spectro-
metry, and the full-scan mass spectrum is shown in Fig. 2.

Synthesis of toltrazuril sulfone sodium salt from toltrazuril sul-

Jone: To a hot suspension of 60 g toltrazuril sulfone in 400 mL

absolute ethanol (EtOH), a freshly prepared solution of sodium
ethanolate (NaOEt; obtained from 3.17 g, 1.05 mol. eq. sodium)
in 100 mL absolute ethanol was added. The reaction mixture
was stirred for 1.5 h at 70 °C, yielding a homogenous product
solution. Solvent was then evaporated under reduced pressure,
and the residue was dried under high vacuum to obtain 63.2 g
(100% yield determined by thin layer chromatography) of
toltrazuril sulfone sodium salt as an amorphous powder. The
resultant salt is not hygroscopic and‘ very soluble in water,
yielding an alkaline (pH. 9.5) solution. ‘The reaction sequence for
conversion of toltrazuril sulfone to toltrazuril sulfone sodium salt
is shown in Fig, 3.

Toltrazuril sulfone analysis. Sample preparation: Toltrazuril sul-
fone was analyzed using high-pressure liquid chromatography
(HPLC) as described by Dirikolu et al., 2009. Briefly, a standard
solution of 1 mg toltrazuril sulfone was prepared in 1 mL HPLC-
grade methanol. Standards were prepared by the addition of a
specified amount of toltrazuril sulfone in 60% solvent B/40%
solvent A mixture (see instrumentation) to blank plasma
samples, 1 mL each, over a range from 100 to 10 000 ng/mL.
Janssen compound R 62646, a structural analog of diclazuril,
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Fig. 2; Ion chromatogram for toltrazuril sul-
fone (457 m/z, M-ion), demonstrating the
lack of toltrazuril starting compound

r onlin

0 v T T
400 600 8.00
Time—>

was used as the internal standard. The internal standard was
prepared in 1 mL methanol (1 mg/mL) and diluted 1:10 in 60%
solvent B/40% solvent A mixture to yield 100 ng/uL standard
solution. To each sample, 20 uL of 100 ng/uL internal standard
was added. Then, 2 mL of 0.1 m potassium phosphate buffer (pH
6.0) was added to each sample and the pH was adjusted to 6.0 as
required.

Extraction method: Varian ‘Bond Elut’ columns were placed into

an SPS24 VacElut vacuum chamber and treated sequentiall;
with 2 mL of HPLC-grade methanol and 2 mL of 0.1:
potassium phosphate buffer (pH 6.0). The vacuum was turned
off as soon as the buffer reached the top of the sorbent bed-
prevent column drying. The specimen was collected

6.0): methanol, 80:20, 1 mL of 1.0 M acetic
hexane. The column was allowed to dry for

rinsing the
lvent was
gasat 40 °C using
was ”resuspended in

moderately vigorous vortexip
was placed in a 300-uL vial i¢

10.00 1200 1400 16.00 18.00 20,00 22.00  24.00

(425 m/z, M-ion), indicating relative purity of @
_.100%. o

Analytical instrumentation: The HPLC procedure was adapted
from that described for diclazuril (Dirikolu et al, 2009). The
instrument employed was a Beckman System Gold HPLC system
solvent delivery pumps, a 168 photodiode array
1:502 autosampler. The column was a Beckman
Ultrasphere ODS; 5 pum particle size, 4.6 mm x 15 cm column
size, protected with an Altech C-18 guard column. The mobile
phase: consisted of 40% solvent A and 60% solvent B run with a

‘flow rate. of 1 ml/min. Solvent A was 80% [0.5% ammonium

in water] and 20% acetonitrile. Solvent B was 80%
| and 20% acetonitrile. Acetonitrile (A998-4:Eisher

“Seientifie-NJ-USA) and methanol (MX0488-1; EM-Seience,NJ,-B1

USA-) were of HPLC grade. After preparation, solvents A and B

”r.;;. were filtered and degassed with 0.45-um type HV Millipore
+ filters. The diode array detector was set up for single wavelength

acquisition at 255 nm with a 12-nm span. Injections were
prepared with a 20 uL sample loop.

Pharmacokinetic analysis: Pharmacokinetic analyses were per-
formed, using a nonlinear regression program (Winnonlin,
version 3.1) (Pharsight Corporation, Cary, NC, USA). The
compartmental model used following oral administration is
represented by general equation a, where A is Y intercept
associated with terminal elimination phase, K, is the apparent
rate constant of absorption, and Kj, is the apparent rate
constant of elimination (Shargel & Yu, 1993). The rate constant
of absorption (Kg;) and the absorptive halflife (¢;,, Kq,) was

Abundance . M*— C¢H;(CH;)C3N;0,H,(CH;) 457 'E
7 + B
15000 77 M iy
m/z 324 triazine \ E
ring cleavages ;
o
10000 \96 o
M* triazine ring
5000 cleavages
\ AN
388
hLI ] JI ‘ oo [as7l L s Fig. 3; Full-scan mass specirum of toltrazuril
0 it L AL LU ), ol IS : : o ‘440 AR sulfone, using electron impact mass spec-
miz—-> 80 120 160 200 240 280 320 36 trometry.
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determined, using the method of residuals (Gibaldi & Perrier,
1975). The linear terminal slope (K;,) was calculated from the
log plasma drug concentrations versus time curve by using
the method of least-squares regression (Gibaldi & Perrier, 1982).
The terminal elimination half-life (t,,, K;o) was calculated
according to equation 1.

Cp = A X e—KlUXl_A x e—KOl xt (a)
t1/2Ky0= In2/K,, (1

Total oral clearance (Cl,) was calculated by use of Equation 2.
Cl,= dose(oral)/AUC,_; ¢ (2)

The maximum drug concentration after oral administration
(Cmax) and the time at which Cp,. was achieved (T
(Martinez, 1998) was determined by use of equations 3 and 4,
respectively.

Conax = A x e K10Tmaxc _ A 5 ¢=KO1Tunnx (3)

Tmax=1/Ko; —K10x (Ln(Ky; /K10)) (4)

The absolute bioavailability (F) was calculated from the AUC,,.
inr ratio obtained following oral and i.v. administration according
to Equation 5 (Benet & Zia-Amirhosseini, 1995).

F = AUCq_jnr(oral)/AUC,_;;(1.v.) x i.v.dose/oraldose (5)'

The relative bioavailabilities (F)- of toltrazuril sulfone :SQS-

pended in water and as a feed additive formulatiorgj‘\ﬁ}ére

calculated from the AUC.,r ratio comparison with t
zuril sulfone in DMSO and toltrazuril sulfone sodii
Equation 6.

F = AUCp—inr (other formulations)/AUCy_jqr
(toltrazuril sulfone in DMSO or as a sod
xdose (toltrazuril sulfone in DMSO or 4t
oral dose (other formulations)

RESULTS

The HPLC diode array detection method reported here readily
detects toltrazuril sulfone inﬂ,ﬁl ma,_y&ii’h a limit of detection of
about 10 ng/mL. Satisfactory recovery (86%) was obtained for
solid-phase extraction toltrazuril sulfone from plasma samples
of horses (Dirikolu:et al. ). The toltrazuril sulfone HPLC
peak eluted at arou in (+0.5 min), and the internal

standard peak éli min (+0.5 min) (Fig. 4). The peaks
were symmetric, aid the standard curve was linear from 100 to
10 000 ng/ ith'an r value of 0.999. The areas of the peaks

corresponding to toltrazuril sulfone and internal standard were
: 1 internal standard (methylated diclazuril)
values were tused to normalize the toltrazuril sulfone areas.
Integrated peak values were entered into QuattroPro for
Windows for the statistical analysis of standards and for the
interpolation of unknown amounts of toltrazuril sulfone. Stan-
dard curves were generated with Sigma Plot for Windows.

© 2011 Blackwell Publishing Ltd
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Fig. 4. A typical high-pressure liquid chromatography (HPLC) chro-
matogram of toltrazuril sulfone with internal standard (methylated
diclazuril) in mobile phase, 60% solvent B/40% solvent A, as extracted
from dosed horse plasma sample. Absorbance at 255 nm is plotted vs.
retention time. The instrument is a Beckman System Gold HPLC system
with Beckman ODS column, 5 pm particle size, 4.6 mm x 15 c¢m column

_size. The mobile phase consisted of 40% solvent A [80% (0.5%
“;ammonium acetate in water) and 20% acetonitrile] and 60% solvent B
i (80% methanol and 20% acetonitrile) at a flow rate of 1 mL/min. The

photodiode array detector wavelength was set at 255 nm.

After administration of a single oral dose of toltrazuril sulfone
(2.2 mg/kg) in DMSO to four horses, analysis of plasma samples
showed excellent oral absorption (Fig. 5), with an observed
mean peak plasma concentration of 2795 + 102 (SEM) ng/mL
of toltrazuril sulfone at 24 h after administration (Dirikolu et al.,
2009). Observed peak plasma concentrations from four horses
were closely distributed, ranging from a lowest value of

3500
3000
2500 -
2000 —

1500

Concentrations (ng/mL.)

1000

500 —

T T T T T T T T
0 24 48 72 96 120 144 168

Time (h)

Fig. 5. Mean plasma concentrations (+SEM) of toltrazuril sulfone from
four horses following a single oral dose (dose: 2.2 mg/kg in DMSO).
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Table 1. Pharmacokinelic parameters of tol-

Horse 1 2 3 : 4 Mean + SEM trazuril sulfone followinga single oral dose
Weight (kg) 518 526 517 453 503.5 + 16.95 (2.2 mg/kg in DMSO) -~

F (%) 69.64  61.25 73.09 78.21 70.6 + 3.56 il

ti/2 Kox (h) 8.944 7.511 5.089 10.08 7.91 £ 1.08

ti/2 Kio (h) 106.8 71.54 80.14 66.47 81.24 + 8.98

Ko1 (/h) 00775  0.0923  0.1362  0.06875  0.094 + 0.015

Kio (/h) 0.00649 000968  0.00865 0.01043  0.0088 + 0.00086

AUC o-inf. (ng/mL/h)

Oral clearance (mL/h) 3027.85 3552.64 3162.53 2702.75
Trnax (h) 34.93 27.29 21.61 32.33
Crax (ng/mL) 1805.98 2520 2618.745 2656.41
R? 0915 0.961 0.981 0.969

376373.25 325729.38 359648.52 368735.10 357620 + 11167

311144 % 175.9
29.04 + 294 -
2400.28 + 200.18
0.96 * 0.015

2560 ng/mL to a highest value of 3051 ng/mL. Thereafter, the
plasma concentration declined to 803 * 83 (SEM) ng/mL at
168 h after administration, with an apparent average half-life of
~ 82 h. The predicted mean time required to achieve peak
plasma concentration (Ty,.y) following oral administration was
29 £ 3 (SEM) hours, with a mean K, t;,; of 8 £ 1 (SEM) hours
(Dirikolu et al., 2009).

Analysis of plasma samples indicated rapid absorption char-
acteristics of toltrazuril sulfone administered in DMSO, the mea;
plasma concentration being 137 ng/mL * 35 (SEM) at 10 mi
following oral administration. Analysis of plasma samples
following both iv. and oral administration indicated -hi

et al., 2009).
Analysis of the plasma samples show

after administration, with
ination half-life of approxi-

an apparent average
mately 72 £ 12 (SEM) ¢

Following oral-muict
sodium salt, th
concentration (
t1/2 Kon of 1.
four horses was

was 7.7 £ 1.8 (SEM) hours, with a mean
0.5%(SEM) hours (Table 2). Predicted Cpay Of
lose agreement, ranging from a lowest value
a highest value of 2875 ng/mL, with the
mean Cp,,y 2342 + 185 (SEM) ng/mL (Table 2).

Figure 7 compares the mean plasma concentrations of
toltrazuril sulfone following oral administration as toltrazuril
sulfone in DMSO and oral-mucosal administration as toltrazuril
sulfone sodium salt. As different horses were dosed with

30004
2500 -
2000 -
1500 -

1000

Concentration (ng/mL)

500

T T T T T T T T
0 24 48 72 96 120 144 168

Time (h)

Fig. 6. Mean plasma concentrations of toltrazuril sulfone (+SEM)
following a single 2.2 mg/kg oral-mucosal dose of toltrazuril sulfone
sodium salt (n = 4).

toltrazuril sulfone sodium salt, each horse's pharmacokinetic
parameters were compared with the mean pharmacokinetic
parameters of toltrazuril sulfone when toltrazuril sulfone was
administered as a single intravenous or oral administration in
DMSO. The absolute bioavailability of toltrazuril sulfone sodium
salt ranged from 35.5% to 82% with the mean bioavailability of
about 56% * 10.2% (SEM) (Table 2). The mean oral bioavail-
ability of 56% for toltrazuril sulfone sodium salt indicates
approximately 15% reduction in the bioavailability of toltrazuril
sulfone sodium salt in comparison with toltrazaril sulfone in
DMSO0. Additionally, the peak plasma concentration of toltrazuril
sulfone following administration as sodium salt was approxi-
mately 15% less than following toltrazuril sulfone administration
in DMSO.

Analysis of the plasma samples showed rapid absorption of
toltrazuril sulfone following administration of toltrazuril sulfone
sodium salt with feed (Fig. 8). Peak plasma concentrations of
toltrazuril sulfone were obtained at about 8 h postadministration
and ranged from a lowest value of 1940 ng/mL to a highest

© 2011 Blackwell Publishing Ltd
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Table 2. Pharmacokinetic parameters of tol-

trazuril sulfone sodium salt following a single Horse 1 2 3 4 Mean + SEM

oral-mucosal dose (2.2 mg/kg powder) Weight (kg) 564 482 500 545  522.8 + 19.09
F (%) 35.5 45.13 60 82.23 56 + 10.2
t1,2 Koy (h) 1.017 2.866 0.634 123 144 £ 049
tis2 Kyg (h) 54 49.40 87 97 71.9 £ 11.85
Ko1 (Z/h) 0.6814 0.242 1.093 -0.563 ¢ 0.645 % 0.176
Kj0 (/h) 0.0128 0.014 0.00797 "0.00714" 0.0105 * 0.0017
AUC oin;, (ng/mi/h)  173561.31 195538.56 276245.37 425472 267704 + 57034
Oral clearance (mL/h) 7149 5423 3892 2818 4820.5 + 942
Timax (B) 5.93 12,5 7.86 7.71 £ 1.74
Cinax (ng/mL) 2067 2302.3 2874.63  2341.7 + 184.6
R? 0.984 0.95 70.979 0972

value of 3500 ng/mL, with a mean peak plasma concentration
of 2740 £ 413 (SEM) ng/mL (Fig. 8). Thereafter, plasma
concentrations declined to 677 £ 105 (SEM) ng/mL at 168 h
after administration, with an apparent average elimination half-
life of ~ 64 * 7 (SEM) hour (Table 3).

Following administration of toltrazuril sulfone sodium salt
with feed, the calculated time to reach maximum plasma
concentration ranged between 2 and 17 h with the mean T,y
being 7 + 3.4 (SEM) h (Table 3). Predicted Cpay (concentration
maximum) of four horses was in relatively close agreement,

ranging from a lowest value of 2017 ng/mL to a highest value of:

3185 ng/mL, with the mean Cp,y being 2600 + 303 (SEM)
ng/mL (Table 3).

Figure 9 shows a comparison of the mean plasma concentra-
tions of toltrazuril sulfone following the oral-mucosal admi
tration of toltrazuril sulfone sodium salt and the
tration of toltrazuril sulfone sodium salt with ’feed: R
bioavailability of toltrazuril sulfone sodium
compared with the oral-mucosal administration. of “t

3500
—@— Toltrazuril sulfone sodium salt (F:56%)

—il— Toltrazuril sulfone in DMSO (F:71%)
3000 -

2500 -

2000 -

1500

Concentration (ng/mL)

1000 -

500

0 -

T T T T T T T T
0 24 48 72 96 120 144 168
Time (h)

Fig. 7. Mean plasma concentration comparison of toltrazuril sulfone

following a single 2.2 mg/kg oral dose in DMSO (n = 4) and oral-
mucosal administration of toltrazuril sulfone sodium salt (n = 4).

© 2011 Blackwell Publishing Ltd

luté bioavailability of toltrazuril sulfone sodium
salt when given as feed additive formulation. Additionally, the
peak plasma concentrations following toltrazuril sulfone sodium
ministrations were similar when drug was given with and

feed. absolute bioavailability of toltrazuril sulfone
It when given as a feed additive formulation ranged
to-72% with a mean bioavailability of 52% + 8%

(SEM) indicating approximately 19% reduction in absolute

bioavailability of toltrazuril sulfone sodium salt as feed additive

formulation compared with toltrazuril sulfone in DMSO.

After the administration of a single oral dose of toltrazuril
sulfone (2.2 mg/kg) in aqueous solution to two horses, analyéis
of plasma samples showed detectable plasma concentrations
following the oral administration of this aqueous solution
(Fig. 10), with an observed mean peak plasma concentration
of 772 £ 14 (SEM) ng/mL of toltrazuril sulfone at 24 h after
administration (Dirikolu et al., 2009). Observed plasma concen-
trations from two horses at 24 h postadministration were in

3500+
3000
2500
2000

1500~

Concentration (ng/mL)

1000+

500

T T T T T T T T

0 24 48 72 96 120 144 168
Time (h)

Fig. 8. Plasma concentrations of toltrazuril sulfone following 2.2 mg/kg
oral dose of toltrazuril sulfone sodium salt mixed with 0.5 oz. beet
pulp added to 1 Ib. sweet feed (n = 4).
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Table 3. Pharmacokinetic parameters of tol-

Horse ! 2 3 4 Mean + SEM trazuril sulfone sodium salt following a single
Weight (kg) 573 546 554 536 552 + 8 oral dose with feed (2:2' mg/kg powder)
F (%) 72 52 33 50 52+ 8
ty/2 Koy (h) 0.932 0.514 0.28 3.72 1.36 £ 0.8
t1/2 Kyg (h) 81 56 48 71 64 % 7
Koy (/h) 0.743 1.35 2.47 0.19 1.19 £ 0.49
Ky (/h) 0.0086 0.0123 0.014 0.0098 0.011 £ 0.0013
AUC ;" jnr. (ng/ml/h) 389901 258950 153350 242250 261110 * 48785
Oral clearance (mL/h) 3233 4639 7948 4868 5172 + 994
Toax (h) 6 3.5 2 17 7.2 %34
Crax (ng/mL) 3185 3057 2144 2017 2600 £ 303
R? 0.99 0.98 0.99 0.96 0.98
3500 —
@ Toltrazuril sulfone sodium salt (F:56%) 9
—— Toltrazuril sulfone sodium salt with feed (F:52%) 00
3000 —
750
2500 _
j )
E £ 600
® 2
£ 2000 <
S £ 450
£ 1500 £
S 8
[]
2 5 300
8 1000 ©
150
500 —
0 -
0
T T T T T T T T

! I ! I I 1 T
0 24 48 72 96 120 144 168

Time (h)

Fig. 9. Mean plasma concentration comparison of toltrazuril sulfone
following a single 2.2 mg/kg oral-mucosal dose of toltrazuril sulfone
sodium salt (n = 4) and oral administration of toltrazuril sulfone sodium
salt with feed (n = 4).

approximately 77 * 3.5 (SEM)
ime required to achieve peak plasma

tions of toltrazuril sulfone following the oral administration of
toltrazuril sulfone suspended in water (2.2 mg/kg) and oral-
mucosal administration of toltrazuril sulfone sodium salt
(2.2 mg/kg). Relative bioavailability of toltrazuril sulfone sus-
pended in water compared with toltrazuril sulfone sodium salt

0 24 48 72 96 120 144 168
Time (h)

Fig. 10. Plasma concentrations of toltrazuril sulfone following a single
2.2 mg/kg oral dose in water from two horses.

Table 4. Pharmacokinetic parameters of toltrazuril sulfone following a
single oral dose (2.2 mg/kg in water)

Horse 1 2 Mean * SEM
ty,3 Ko (h) 3.15 9.14 6.15 + 2,99
ty,2 Kqo (h) 734 80.3 76.84 + 3.45
Ko (7h) 0.2202 0.076 0.0904 + 0.00406
Ko (/h) 0.0094 0.0086 0.009 + 0.0004
AUC gnr. 102047 137164 119605 + 17559
(ng/mL/h)
Oral clearance 10.78" 8.75 9.77 £ 1.02
(L/h)
Tynax (h) . 1494 32.34 23.64 £ 8.7
Crax (ng/mL) 824 877 850.5 £ 26.75
R? 0994 0.987 0.99

was 46%, indicating approximately 54% less bioavailability of
toltrazuril sulfone in water following oral administration. On the
other hand, the peak plasma concentration following toltrazuril

© 2011 Blackwell Publishing Ltd
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Fig. 11. Mean plasma concentration comparison of toltrazuril sulfone
following a single 2.2 mg/kg oral dose in water (n = 2) and oral-
mucosal administration of toltrazuril sulfone sodium salt (n = 4).

sulfone sodium salt administration was approximately three- to
fourfold higher than following toltrazuril sulfone administration
suspended in water.

DISCUSSION AND CONCLUSIONS

manner (Dirikolu et al., 1999, 2006, 2
approaches to improving the oral bicavailal

f.triazine-based
practical one was
oul Efoutinely yield
4 ‘f these agents in all
treated horses (Dirikolu et al., 1 99 2006 '2009): The results of
the present study show that the sodlum salt formulation of
toltrazuril sulfone is well ab orb wing oral administration
eed additive.

parameter in clinical trials

because the majori
proportional to bo
Additionaily, p
and poorly con

“bioavailability (Aungst, 1993).
availability results in more variable

becomes a major concern. Another problem associated with
the poor and variable bioavailability is that it is generally difficult
to predict and control plasma drug concentration of any given
dose (Aungst, 1993). It was, therefore, important for us to
maximize the oral bioavailability of triazine-based agents, with

© 2011 Blackwell Publishing Ltd
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the goal of maximizing our ability to control plasma drug
concentrations and thereby the clinical efﬁcacy of these agents
(Dirikolu et al., 2006, 2009).

In the present study, we publish the results of our continuous
effort to improve oral bioavailabilities and therefore clinical
efficacy of triazine-based antlprotozoal agents in the horse. The
results of this study showed that the sodium salt formulation of
toltrazuril sulfone is well absorbed: foIlbwm‘g oral administration
and has the potential to be used as a feed additive formulation.

As described previously (Dmkolu et al 2006), the best way to
determine the comparati bloavallablhty of different drug
formulations is to u tin square design (crossover) by
comparing each arimal ‘with “itsell as a control following
appropriate washout. é‘d§. On the other hand, it should be
remembered that the main goal of this study was not to
determine the exact _niagnitude of the bioavailability of toltrazuril
sulfone sodium salt'but simply to show that this new formulation
of toltrazurll sulfone is absorbed well in a clinically significant
manner and has the potential to be used as a feed additive.
Additionally, as indicated previously, our comparison of toltr-
azuril sulfone oral bioavailabilities in the aqueous suspension as
a sodium salt and feed additive formulations vs. DMSO was

”--flfivpkedi to “a comparison of F values estimated for these

pulations on the basis of the drug exposure observed when
toltrazuril sulfone was administered as an intravenous solution
in, DMSO. In doing so, there was a risk that any change in
cledrance or volume of distribution attributable to the presence

= of DMSO would have biased our estimate of F for the toltrazuril

sulfone sodium salt, toltrazuril sulfone sodium salt as a feed
additive and toltrazuril sulfone in aqueous suspension. To
confirm the lack of bias in our estimate, we compared t;,»
values in the aqueous suspension, toltrazuril sulfone sodium salt,
and toltrazuril sulfone sodium salt as a feed additive vs. the
DMSO oral solution (note that we could not compare clearance
estimates as these are confounded by differences in F). The
finding of nearly similar t;,, values (77, 72, and 64 vs. 81 h for
the aqueous suspension, toltrazuril sulfone sodium salt, toltr-
azuril sulfone sodium salt as a feed additive and DMSO oral
solution, respectively) provided assurance that observed profile
differences primarily reflected the impact of the sodium salt
formulation on oral absorption kinetics. Unfortunately, as
toltrazuril sulfone sodium salt was not suitable for i.v. admin-
istration, we administered toltrazuril sulfone prepared in DMSO
i.v. and evaluated the bioavailability of toltrazuril sulfone as a
sodium salt in comparison with this i.v. formulation. On the
other hand, as toltrazuril sulfone sodium salt is converted to
toltrazuril sulfone following absorption (indicating identical
physiochemical characteristics for distribution) and also as the
amount of DMSO (approximately 3 mL in each adult horse given
slowly) used for the i.v. administration of toltrazuril sulfone was
relatively small, it is very unlikely that we had significant
changes in the distribution of toltrazuril sulfone following i.v.
administration either in DMSO or as a sodium salt, providing
another assurance that observed profile differences primarily
reflected the impact of the sodium salt formulation on oral
absorption kinetics.
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In conclusion, these data show that the sodium salt formu-
lation of toltrazuril sulfone is very well absorbed following oral
administration, similar to the results obtained with our diclazuril
sodium salt, as previously described (Dirikolu et al., 2006). As
such, toltrazuril sulfone sodium salt is a very effective formula-
tion to increase the rate and extent of absorption of toltrazuril
sulfone to a clinically significant level. Toltrazuril sulfone sodium
salt also has the potential to be used as feed additive formula-
tions, especially for prophylaxis purposes, without significant
effect on its rate and extent of absorption. The mean relative oral
bioavailability of toltrazuril sulfone sodium salt as a feed additive
was 93% compared with the administration of toltrazuril sulfone
sodium salt without feed. This relatively highly bioavailable
formulation of triazine-based agents also allows us to predict and
control plasma drug concentration of any given dose with the
goal of maximizing our ability to control the clinical efficacy of
these agents. The findings presented here indicate that additional
studies on the use of these compounds for the prevention and
treatment of EPM and related apicomplexan diseases are
warranted.
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