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1 | INTRODUCTION

Abstract

This study was designed to investigate the pharmacokinetics of imidocarb, a carbani-
lide derivative, in white-tailed deer (Odocoileus virginianus). The pharmacokinetic
properties of a single intramuscular (IM) dose of imidocarb were determined in 10
deer. A single IM injection of 3.0 mg/kg imidocarb dipropionate was administered,
and blood samples were collected prior to, and up to 48 hr after imidocarb adminis-
tration. Plasma imidocarb concentrations were determined by high-performance lig-
uid chromatography with ultraviolet detection. The disposition of plasma imidocarb
was best characterized by a two-compartment open model. The mean £ SE maximal
imidocarb concentration in deer was 880.78 + 81.12 ng/ml at 38.63 £ 5.30 min
postinjection. The distribution phase had a half-life (t, ,,) of 25.90 + 10.21 min, and
plasma imidocarb concentration declined with a terminal elimination half-life (t1/2[3) of
464.06 + 104.08 min (7.73 + 1.73 hr). Apparent volume of distribution based on the
terminal phase (V,/F) was 9.20 + 2.70 L/kg, and apparent total body clearance (CI/F)
was 15.97 + 1.28 ml min"t kg™%.
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wildlife reservoir of B. odocoilei is believed to be free-ranging white-

tailed deer (Milnes et al., 2019). Case reports have documented res-

Imidocarb, a carbanilide derivative, is used to treat hemoprotozoan
parasitic infections of the genus Babesia in domestic livestock (Vial
& Gorenflot, 2006). Imidocarb is usually administered as the dipro-
pionate salt by intramuscular (IM) or subcutaneous (SC) injection.
Cervids, including white-tailed deer (Odocoileus virginianus), are
well-represented in North American zoological collections and in
commercial deer farms. Cervid babesiosis, caused by infection of
erythrocytes with Babesia odocoilei, is an emerging tick-borne hemo-
lytic disease of cervids in North America (Mathieu et al., 2018). The

olution of parasitemia and the clinical signs associated with acute
babesiosis in zoo and farmed cervids after treatment with IM imido-
carb (Gallatin et al., 2003).

Effectiveness of a drug against an intracellular parasite such
as B. odocoilei requires adequate concentrations of the therapeu-
tic agent within the erythrocytes. Imidocarb is lipid-soluble and,
therefore, readily diffuses across cell membranes (Lai et al., 2002).
Once in the erythrocyte, imidocarb may exert its antiprotozoal
effect by interfering with the production or use of polyamines or
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by blocking inositol entry into infected erythrocytes (Mosqueda,
Olvera-Ramirez, Aguilar-Tipacamu, & J Canto, 2012).

Pharmacokinetic studies of imidocarb are reported in several
domestic animals, but a review of the published literature failed to
find reference to the pharmacokinetic behavior of imidocarb in any
cervid species. This study was designed to investigate the pharma-
cokinetics of imidocarb in white-tailed deer at the dose commonly
administered to treat Babesia spp. infections in domestic livestock
(3.0 mg/kg; Vial & Gorenflot, 2006), for the purpose of designing a
drug regimen specifically designed for the treatment and prophy-
laxis of B. odocoilei-associated hemolytic anemia in cervids.

2 | MATERIALS AND METHODS

All procedures were approved by the University of Saskatchewan
Animal Research Ethics Board, the Toronto Zoo Animal Care
Committee, and the University of Guelph Animal Care Committee, in
compliance with the regulations of the Canadian Council on Animal
Care. Ten healthy adult female white-tailed deer (50-68 kg) were
utilized in the study. The animals were housed at the Specialized
Livestock Research Facility at the University of Saskatchewan
(Saskatoon, SK, Canada) and had no history of imidocarb exposure
or infection with B. odocoilei.

Deer were manually restrained in a commercial white-tailed deer
handling system (The DeerHandler™; Sturgeon County, AB, Canada)
to which they had been previously trained. A single deep IM injection
of imidocarb dipropionate (Imizol® Merck Animal Health, Madison, NJ,
USA) was administered in the lower third region of the neck. Nine deer
were dosed at 3.0 mg/kg, and one deer was dosed at 2.4 mg/kg due
to a technical error. Whole blood samples (10 ml) were collected via
jugular venipuncture into lithium heparin tubes immediately prior to
drug administration followed by 10, 20, 30 min,and 1, 2, 3, 4, 6, 8, 12,
24, and 48 hr postadministration. Animals were released into outdoor
pens with herdmates in between blood samples and were monitored
for potential adverse effects by veterinary staff. Plasma was sepa-
rated from the collected blood samples by centrifugation at 1,500 g
for 10 min within 1 hr after collection, transferred to sterile cryovials,
and stored at -20.0°C until collection was completed. Samples were
shipped to the University of Guelph for analysis.

2.1 | Imidocarb analysis

Imidocarb dipropionate standard, trifluoroacetic acid,
1-pentanesulfonic acid sodium, and triethylamine were purchased
from Sigma-Aldrich (St. Louis, MO, USA). Ammonium hydroxide so-
lution was purchased from Fisher Scientific (Oakville, ON, Canada).
High-performance liquid chromatography (HPLC)-grade acetoni-
trile and methanol were obtained from Caledon Laboratories Ltd.
(Georgetown, ON, Canada). Throughout the study, water was ob-
tained from a Milli-Q™ system (Millipore, Bedford, MA, USA). HPLC
analysis was performed on a Waters Alliance 2695 separations module

coupled with a Waters 2696 photodiode array detector (Milford, MA,

USA\), according to the procedure described by Su et al. (2007), with
modifications as follows. An aliquot of 1.0 ml of each plasma sample
was acidified with 1 ml of phosphoric acid (4%), added to a Waters
Qasis™ WCX (Waters, Dublin, Ireland) cartridge after the cartridge
was conditioned with 2 ml of methanol and then equilibrated with
3 ml of water. The cartridge was first washed with 3 ml of ammonium
hydroxide solution (2%) and then washed with 3 ml of a mixture of am-
monium hydroxide (5%) and acetonitrile (50%). The analyte was eluted
with 3 ml acetonitrile/methanol/trifluoroacetic acid (500/490/10,
v/v/v). The elute was evaporated under a constant flow of nitrogen,
then reconstituted in 200 pl of the mobile phase, and 50 ul was in-
jected onto the column. The conditions for the HPLC analysis were as
follows: separation was performed on a 50 x 4.6 mm column (3.5 pm;
XBridge™ C18 column; Waters) equipped with a Security Guard C18
guard column (4 x 3 mm |.D., Phenomenex™, Torrance, CA, USA). The
mobile phase consisted of acetonitrile, 1-pentanesulfonic acid sodium
salt (5 mM), and 0.1% trimethylamine trifluoroacetic acid, pH 3.2
(15:85 v/v). The flow rate was 1.0 ml/min, and the UV detector was
set at 260 nm. Imidocarb concentrations were derived by comparing
peak areas of the samples to those of a standard curve of imidocarb
prepared from spiked plasma samples put through the same cleanup
process as described above. Experimental samples with an imidocarb
concentration greater than 200 ng/ml were diluted with blank deer
plasma prior to extraction.

A stock solution of imidocarb dipropionate was prepared in meth-
anol/water (50/50, v/v) at a concentration of 1 mg/ml and stored at
-80.0°C. Calibration standards (10, 20, 40, 100, and 200 ng/ml) and
quality controls (15 and 150 ng/ml) were prepared from a pool of
blank white-tailed deer plasma collected from animals with no history
of imidocarb exposure. Correlation coefficients (r%) were >0.99 for all
calibration curves. The mean percentage recovery of imidocarb from
plasma was 90.0%. The observed retention time of imidocarb was
2.89 min. The limit of detection for this assay, based on three times
the signal to noise ratio at the time of elution of the imidocarb, was
5 ng/ml. The limit of quantification for the assay was 10 ng/ml. The
analytical method was repeatable and reproducible with average in-

tra- and inter-day precisions of 10.6% and 9.3%, respectively.

2.2 | Pharmacokinetic analysis

The pharmacokinetic parameters of imidocarb were calculated
using Phoenix WinNonlin software (Certara™, Princeton, NJ, USA)
and standard approaches to both noncompartmental and compart-
mental analysis conducted on individual animal data sets. The model
was fitted to measured concentrations weighted by the inverse of
their value to avoid overfitting to higher concentrations 1/(Y*Y). The
plasma imidocarb concentration-time profile following intramuscu-
lar administration best fit a two-compartment open model with first-

order absorption and elimination (Equation 1):

Clt)=Ae~* +Be~"t — (A+B)e kit (1)
where C is the plasma drug concentration at time t; A is the math-

ematical coefficient for the zero-time intercept of the distribution



JOURNAL OF

WILEY--2

Veterinary Pharmacology and Therapeutics

MILNES ET AL.
10,000

£ 1,000

=T

=

s

g

€

8

S 100

o

©

£

8

[=%
FIGURE 1 Plasma concentrations ‘g
(mean + SE) of imidocarb dipropionate é 10
in plasma of white-tailed deer E
(Odocoileus virginianus) following a single
intramuscular injection of 3.0 mg/kg.
Superimposed on the points is a solid
line representing the time-concentration 1
profile predicted by the two-compartment 0

open model

slope in the compartment model; B is the mathematical coefficient
for the zero-time intercept of decline in plasma concentration of the
drug; a is the distribution rate constant;  is the rate constant for the
terminal elimination phase; k_ is the first-order absorption rate con-
stant; e is the natural log. The optimal model was determined based
on visual inspection of goodness-of-fit plots (observed vs. predicted
and residuals), and Akaike's information criterion.

The following pharmacokinetic parameters were derived from
the noncompartmental analysis: the area under the curve (AUC) cal-
culated by the trapezoidal method (linear up, log-linear down) from
the time of dosing to the last measurable time point (C,_,) for each
deer (AUC %
(where 1is the slope of the terminal phase of the time-concentration

last) @nd extrapolated to infinity (AUC,__) by adding
curve). Bioavailability (F) is unknown, so the absolute values of ap-
parent volume of distribution (V,/F) and total body clearance (CI/F)
should be interpreted carefully. The noncompartmental analysis also
provided the mean residence time (MRT) from the time of dosing to
lasth Which is the
ratio of the AUC to the area under the first moment curve (AUMC).

the time of the last measurable concentration (MRT

3 | RESULTS

The plasma concentration-time curve of imidocarb following IM ad-
ministration is illustrated in Figure 1 with the corresponding phar-

macokinetic parameters summarized in Table 1.

4 | DISCUSSION

Imidocarb at a single dose of 3.0 mg/kg administered IM pro-
duced no adverse effects in white-tailed deer. A dose of 3.0 mg/

kg was chosen based on recommendations for the treatment and

1,000 1,500 2,000 2,500 3,000

Time postadministration (min)

TABLE 1 Pharmacokinetic parameters (mean + SE) of imidocarb
dipropionate in white-tailed deer (Odocoileus virginianus) after
intramuscular administration at a dose of 3.0 mg/kg

Parameter Unit Mean % SE

A ng/ml 33094.00 + 4154.20
a L/min 0.029 +0.0023
B ng/ml 171.97 + 35.06
p L/min 0.0023 +0.00043
t120 min 25.90+10.21
t1/2p min 464.06 + 104.08
k, L/min 0.03 +£0.0024
Gyare min 24.09 + 3.06
toax min 38.63+5.30
G ng/ml 880.78 + 81.12
AUC,_, min ng/ml 194.33+1.36
AUC,_ min ng/ml 184.76 + 13.39
V,/F L/kg 9.20 +2.70
MRT,.., min 205.52 +43.43
Cl/F ml min~ kg™ 15.97 +1.28

Notes. AUC,__: total area under the concentration-time curve from zero
to infinity; AUCIast: total area under the concentration-time curve from
zero to the last measurable time point; A: zero-time intercept of the dis-
tribution slope in the compartment model; B: zero-time intercept of de-
cline in plasma concentration of imidocarb; CI/F: apparent total body
clearance; Cmax: peak drug concentration; k[x: absorption rate constant;
MRT,_.;: mean residence time from the time of dosing to the time of the
last measurable concentration; ty okat absorption half-life; S half-life
during distribution phase; t, ,: the half-life of elimination; t,_: time to

Cirax from time zero; V,/F: apparent volume of distribution based on the

terminal phase; a: distribution rate constant; g: elimination constant.

prevention of babesiosis in domestic cattle, in which the typical dose
is 1.0-3.0 mg/kg imidocarb administered by IM or SC injection (Vial
& Gorenflot, 2006). Intravenous injection of imidocarb has been
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reported to cause acute death from bronchoconstriction second-
ary to cholinesterase inhibition (Abdullah, Sheikh-Omar, Baggot, &
Zamri, 1984). In cattle, one imidocarb treatment is usually effective,
but a second treatment may be desirable after two weeks if animals
are persistently parasitemic (Vial & Gorenflot, 2006). Imidocarb has
been used successfully in wapiti (Cervus canadensis) and reindeer
(Rangifer tarandus tarandus) to treat clinical babesiosis and to prevent
the development of disease in asymptomatic parasitemic animals
(Bartlett, Abou-Madi, Messick, Birkenheuer, & Kollias, 2009; Gallatin
et al., 2003). The frequency of treatments reported to be effective in
parasitemic cervids vary from a single IM treatment (at 2.2-3.0 mg/
kg) to repeated treatments on days 1, 2, 6, 9, and 21 (Bartlett et al.,
2009). No adverse effects of imidocarb have been reported in cer-
vids. Aggressive supportive treatment, which may include blood
transfusions, is indicated for cervids in acute hemolytic crisis (Pastor
& Milnes, 2018).

In our study, imidocarb had a short absorption half-
life (t;/,x, = 24.09 £ 3.06 min)
(t1/2a =25.90 + 10.21 min), followed by a slower terminal elimi-
nation phase (t1/2|3 =464.06 + 104.08 min or 7.73 + 1.73 hr). The

absorption and distribution half-lives for imidocarb in the white-

and fast distribution phase

tailed deer of our study were comparable to published values for
sheep, goats (Belloli et al., 2006), and horses (Belloli et al., 2002).
As in deer, the distribution of imidocarb in these species was also
best described by a two-compartment open model (Belloli et al.,
2002, 2006). Rapid absorption and distribution of imidocarb is
clinically valuable in the treatment of babesiosis because ther-
apeutic levels in the biophase will be reached rapidly. The area
under the curve extrapolated to infinity (AUC,__) in white-tailed
deer, indicating the exposure of imidocarb to the animal, was close
to the values obtained in studies of sheep and goats following a
single treatment at 3.0 mg/kg IM (Belloli et al., 2006). As our study
did not include an intravenous arm, the bioavailability of imido-
carb in white-tailed deer could not be determined, and therefore
the apparent volumes of distribution and clearance must be in-
terpreted with caution because they are confounded by unknown
bioavailability (F). The apparent volume of distribution (V,/F) of
imidocarb in deer in our study was 9.20 + 2.70 L/kg, which is com-
parable to values previously described in sheep (4.18 +0.44 L/
kg) and goats (7.68 £ 0.57 L/kg; Belloli et al., 2006). Imidocarb is a
lipid-soluble organic base. lonic trapping of imidocarb within cells
(including erythrocytes), whose intracellular pH is lower than the
pH of plasma, is therefore likely to contribute to this large volume
of distribution. Apparent total body clearance in our study was
low (15.97 + 1.28 ml min~* kg™!) but comparable to that found in
sheep and goats (Belloli et al., 2006), which, coupled with the large
volume of distribution, would explain the relatively slow deple-
tion of this drug from the plasma during the elimination phase. The
elimination half-life of 7.73 + 1.73 hr is similar to that described in
horses (Belloli et al., 2002), sheep, and goats (Belloli et al., 2006).
The pharmacokinetics of imidocarb are not thought to differ be-
tween males and females. Only females were used in the present
study, but we expect that our results are likely to be applicable

to males because studies of imidocarb in other domestic species
have not noted any sex-specific PK effects (Belloli et al., 2002).

Imidocarb dipropionate (Imizol®) is approved for the treatment of
babesiosis in dogs in the USA at a rate of 6.6 mg/kg by IM or SC in-
jection, and for the treatment and prevention of babesiosis in sheep
(1.0 mg/kgIM or SC), cattle (2.5 mg/kg IM or SC), and horses (2.0 mg/
kg IM or SC) in other countries. An imidocarb dose of 3.0 mg/kg IM
was used in cervids in the present study. All imidocarb usage in cer-
vids worldwide constitutes extra-label use, and a conservative meat
withdrawal period is recommended when considering the use of this
drug in commercially farmed cervids. Imidocarb remains detectable
in edible bovine tissues for several months following dosing, due to
deposition in hepatocytes (Moore, Coldham, & Sauer, 1996), and
thus further research is warranted to gain insight into the possible
residual concentrations of imidocarb in cervid products, including
velvet, intended for human consumption. Maximum Residue Levels
have been established for imidocarb in cattle and sheep tissues in
Europe (CVMP, 2003), and these could be extrapolated to cervid tis-
sues for regulatory consideration.

Development of a rational dosage regimen for cervids requires
knowledge of the plasma concentrations of imidocarb that may be
effective for treatment and prophylaxis of babesiosis. Babesia odo-
coilei is morphologically similar to the “large” Babesia spp. of domes-
tic livestock such as B. bigemina, B. caballi, and B. divergens (Holman
etal, 2002). In cattle, an in vitro minimum inhibitory concentra-
tion of imidocarb of 27.0-34.0 ng/ml is described for B. divergens
(Brasseur, Lecoublet, Kapel, Favennec, & Ballet, 1998). At 8 hr after
treatment in our study, imidocarb was detectable in all deer, at a
mean plasma concentration of 53.91 + 6.18 ng/ml. Consequently,
the imidocarb plasma concentration profile we describe in white-
tailed deer following intramuscular injection at 3.0 mg/kg may be
efficacious for the treatment of B. odocoilei in this species, and the
rapid distribution and slow elimination of imidocarb in deer may re-
sult in plasma concentrations remaining at therapeutic concentra-
tions for at least 8 hr. Clinical trials in parasitemic cervids infected
with B. odocoilei are required in order to evaluate the efficacy of this
dose of imidocarb as a treatment for cervid babesiosis.

In conclusion, results reported herein show that imidocarb in-
jected at 3.0 mg/kg IM has a rapid distribution and relatively slow
elimination rate in white-tailed deer. The apparent volume of distri-
bution of greater than 9 L/kg was consistent with a lipophilic agent
with wide distribution to tissues. These results may be used to inves-
tigate other dosage regimens that may be useful to treat B. odocoilei
parasitemia in other cervid species under managed care. However,
pharmacokinetic parameters are not necessarily comparable across
different species, and caution must be used in generalizing the re-
sults of the present study to other cervid species.
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