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Abstract:

Cefovecin is a third-generation cephalosporin with potential value for use in exotic felids due to
its long duration of action. A sparse sampling protocol was implemented with 18 zoo-housed cheetahs
(Acinonyx jubatus) to evaluate the pharmacokinetics of cefovecin (Convenia®) after a single 8 mg/kg
intramuscular injection. Blood was collected serially for 15 days following administration, and plasma
cefovecin concentrations were determined using high-pressure liquid chromatography with ultraviolet
detection. Pharmacokinetic parameters were estimated using population pharmacokinetic methods and
non-linear mixed effects modeling (NLME). Cefovecin was well-tolerated by all cats, with no adverse
effects observed. Peak plasma cefovecin concentration was 84.75 pg/mL, with a mean residence time of
207.9 hrs, and an elimination half-life of 144.1 hrs (6.00 days). Plasma concentrations of cefovecin were
maintained > 7ug/ml in all individuals for the entire study duration (15 days). These concentrations are
lower, and the half-life slightly shorter, than the values reported for domestic cats. Cefovecin was highly
protein-bound (approximately 99.9%) in cheetah plasma, which is nearly identical to domestic cats. These
results indicate that cefovecin is potentially useful as a long-acting antibiotic in cheetahs.



1. Introduction

Cefovecin is a third-generation cephalosporin currently approved for the treatment of skin
infections in domestic dogs and cats in the United States (Stegemann et al., 2006a; Stegemann,
Sherington, and Blanchflower, 2006b; Stegemann, Sherington, Coati, Brown, and Blanchflower, 2006c;
Stegemann, Sherington, and Passmore, 2007), and additionally for feline urinary tract infections in other
countries (Burke et al., 2017; Dokuzeyll et al., 2015; Passmore, Sherington, and Stegemann, 2008).
Interpretive categories and breakpoints for cefovecin have been established by the Clinical Laboratory
Standards Institute (CLSI) for testing pathogens from dogs and cats (CLSI, 2020). Cefovecin has the
advantage of exhibiting a long terminal half-life of 5-7 days, which provides a long time above the
minimal inhibitory concentration (MIC) which is essential for time-dependent antibiotics such as
cephalosporins (Papich, 2014). For this class of antibiotics, a high degree of plasma protein binding is
associated with a long terminal half-life and slow clearance. In domestic cats, cefovecin is highly protein-
bound in plasma (> 99.5%-99.9%), and has a long elimination half-life of approximately 6.9 days and an
effective dosing interval of 7-14 days, depending on the targeted pathogen (Stegemann et al., 2006c;
Stegemann, Sherington, and Passmore, 2007).

Because of the long duration of plasma concentrations, cefovecin is an appealing therapeutic
option for exotic species housed in zoo collections, with the potential to minimize repeated handling,
injection, and anesthetic events, and circumvent non-compliance in food-averse patients (Bertelsen et al.,
2010). However, its properties and efficacy can vary widely with taxon, necessitating rigorous evaluation
in the target species to demonstrate its effectiveness and justify its use (Garcia-Parraga et al., 2016; Lee et
al., 2016; Nardini et al., 2014; Steeil et al., 2014; Sypniewski, Maxwell, Murray, Brand&o, and Papich,
2017; Thuesen, Bertelsen, Brimer, and Skaanild, 2009). Cefovecin use has been reported in a variety of
non-domestic felids — including caracals, tigers, lions, an ocelot, lynx, and bobcats — with minimal to no
adverse effects reported (Bertelsen et al., 2010; DeFrancisco and Stern, 2013; Devesa-Garcia, Bafieres-De
la Torre, Cabezas-Salamanca, Lucas-Lucas, and Rodriguez-Quiros, 2016; Marti et al., 2016; Mejia-Fava
et al., 2015; Sadler et al., 2016; Schrader, Whiteside, Slater, and Black, 2012; Silva et al., 2013; Steeil,
Schumacher, Seibert, and Tobias, 2012). In exotic felids, its uses have included conservative treatment of
pyothorax, adjunctive therapy for septic peritonitis subsequent to pyometra, and post-operative
antimicrobial prophylaxis. However, species-specific pharmacokinetic data are comparatively scarce,
heretofore limited to only African lions and tigers (subfamily Pantherinae) among exotic felids (Cushing
etal., 2017; Flaminio et al., 2019). In cheetahs, cefovecin has been used empirically without prior
supportive pharmacokinetic evidence (Alves et al., 2018; Hartman et al. 2015; Stagegaard et al. 2017).

Species-specific pharmacokinetic information is needed to establish appropriate dosing intervals
for the target species. Here, we provide pharmacokinetic data to support the efficacy and use of cefovecin
in cheetahs (Acinonyx jubatus) (subfamily Felinae).

2. Materials and Methods
2.1 Animals

Adult cheetahs housed at six zoological institutions throughout the United States were selected
based on temperament and tractability for training, behavioral restraint, hand injections, and phlebotomy.
Each individual had been trained in advance using positive reinforcement to tolerate intramuscular
injections and venipuncture, a common practice in zoos to facilitate regular veterinary procedures. The
study population consisted of 12 male and 6 female cheetahs, ranging in age from 1-12 years (mean 5.1 +
3.5 SD). Weights ranged from 33.5-53.6 kg (mean 44.3 £ 5.7 SD). One adult male was receiving
benazepril for chronic renal disease, but all other selected animals were apparently healthy and were not
receiving any additional medications during the course of the study. Animal handling and sampling
protocols were reviewed and approved by the Institutional Animal Care and Use Committee for
Smithsonian’s National Zoological Park (protocol #19-25) and each respective holding institution.

2.2. Cefovecin administration and sample collection



Cefovecin (Convenia®, Zoetis Inc., Kalamazoo, M1 49007, USA) was reconstituted to 160 mg/ml.
With the aid of prior behavioral training, each cheetah was isolated in a smaller area of their enclosure or
a smaller apparatus like a squeeze cage, and administered a single dose of cefovecin (8 mg/kg)
intramuscularly (IM) in the hindquarters. One animal moved at the time of administration, but received
the full dose in two injections; otherwise, no problems with cefovecin delivery were encountered.
Subsequently, 1.5-3.0 ml blood was collected from the lateral coccygeal vein into green-top heparin
collection tubes (BD Vacutainer®, Franklin Lakes, NJ 07417, USA) at 12 specified timepoints post-
administration: 30 mins, 60 mins, 90 mins, 2 hrs, 6 hrs, 24 hrs, 72 hrs, 5 days, 7 days, 10 days, 12 days,
and 15 days. One sample was inadvertently collected as serum, but was included in the analysis. Because
repeated sampling would be stressful and unpractical in these animals, we used a sparse-sampling design
with the goal of obtaining at least three samples per individual cheetah, plus a sample obtained prior to
drug administration from two animals. The sampling times were spread out over a grid covering 0 to 360
hours (15 days) to account for at least three samples per timepoint. Due to variability in compliance, each
individual contributed between 1-7 blood samples. The final collection yielded a range of 2-9 samples
per time point (median 5). Within one hour of collection, samples were centrifuged for 15 mins at 1000—
2000 g, and the resultant plasma collected and stored at -80 — -40 °C until shipped to North Carolina State
University for analysis. A total of 61 samples across 12 timepoints was collected and analyzed. Cheetahs
were monitored closely by husbandry staff for any adverse effects following cefovecin administration and
sample collection. Additionally, banked cheetah plasma collected and stored from previous unrelated
veterinary events was also used as blank samples.

2.3 Plasma cefovecin assays

Plasma cefovecin concentrations were determined by high-pressure liquid chromatography
(HPLC) paired with ultraviolet (UV) detection with a method previously validated in the investigator’s
laboratory for another study (Messenger and Papich, 2013). Because the assay was previously validated
for a canine study, we performed a partial validation for this study in cheetahs by fortifying blank
(control) cheetah plasma with nominal concentrations of cefovecin to ensure that the assay met our
acceptance criteria for this study.

2.4 Pharmacokinetic analysis
A naive averaged pooled analysis using a one-compartment model was used to obtain initial
estimates. From these initial estimates, and using a single bolus input, the non-linear mixed effects
(NLME) model was fitted to these data (Phoenix NLME™ version 8.4, Certara Inc., St. Louis, Missouri
63105, USA). Compartmental analysis of the data from the cefovecin injection in cheetahs was calculated
using a 1-compartment model according the following formula:
c(T) =§ x e(-K10xT) 1)
where C is the cefovecin concentration, D is the dose, V is the apparent volume of distribution, Ky is the
elimination rate constant, and T is time. Secondary parameters calculated include the elimination half-life
(T+), area-under-the-curve (AUC), systemic clearance (Cl), and mean residence time (MRT).
Various models were tested with different error structures to determine the best fit base model.
The final model was selected after an examination of the visual predictive plot, and examination of the
plots of the conditional weighted residuals (CRWES) vs independent variable (time) and vs the predicted
concentrations. The models were parameterized as described above after testing other models. The
models were run with the Quasi-Random Parametric Expectation Maximization (QRPEM) engine in
Phoenix. Model selection was based on goodness of fit plots, diagnostic plots of residuals, scatter plots of
predicted vs. observed values, and statistical significance between models using -2LL (twice the negative
log likelihood), Akaike information Criterion (AIC), obtained in Phoenix, and CV% of parameter
estimates. Inter-individual (between subject) variability (variance of a parameter among different
subjects) was expressed using an exponential error model according to the equation:
Pi=0Pxexp(miP) (2)



where P is the pharmacokinetic parameter of interest for the individual i, 0 P is 8 (theta), or the typical
value (fixed effect) for the population estimate of the parameter of interest, and ni P is the n (eta, random
effect) for the inter-individual (between subject) differences of the parameter of interest. The n values
were assumed to be independent and have a normal distribution with a mean of zero and variance of ®?. A
multiplicative model described the residual random variability (¢) of the data, where ¢ is the residual
intra-subject (within subject) variability with a mean of zero and a variance of 2, according to the
equation:

Cobs = Cpred x(1+eg) (3)
where Cqps is the observed concentration for the individual, and Cyreq is the model predicted concentration
plus the error value (g).

2.5 Protein-binding analysis

Degree of protein-binding was determined using methods previously used in our laboratory for
cephalosporin antibiotics (Papich, et al. 2010). Three replicate blank cheetah plasma samples were
fortified with a stock solution of cefovecin prepared from a reference standard to 50 pg/mL. The percent

protein binding was calculated based on the following equation:
Total concentration—unbound concentration

Percentage bound = X100 4)

Total concentration

3. Results
3.1 Effects of cefovecin on study animals

In the immediate 10-15 mins following drug administration, animals were monitored for
indications of allergic reactions and anaphylaxis, but none were observed. Animals were also observed
over the course of the study for other clinical signs related to antibiotic administration, including
anorexia, lethargy, or antibiotic-associated diarrhea. Cefovecin appeared well-tolerated in the study
population, with no adverse effects observed following administration. One individual in the study
experienced recurrent phlebitis following serial venipuncture but no other complications.

3.2 Pharmacokinetics and protein-binding

Cefovecin plasma concentration-time curves were plotted (Fig. 1), and select population-based
cefovecin pharmacokinetic parameters are depicted in Table 1. Following IM administration, cefovecin
achieved a maximum mean plasma concentration of 97.58 + 39.64 pug/mL at approximately two hours
post-injection. This was followed by a gradual decline in mean plasma concentrations for the duration of
the collection period. Cefovecin was detected at levels > 7 pg/mL for the duration of the collection period
(15 days post-administration), with a mean concentration of 12.70 + 4.32 pg/mL at the final timepoint
(Table 2). However, a high degree of variability was observed in this study as observed in the Figure 1
spaghetti plots. We attempted to explore the source of the variability using a covariate analysis and
including, age, sex, and dates of collection as covariates; however, addition of these covariates did not
show a significant effect in our analysis. We were able to identify significant differences associated with
the site (zoo) where samples were collected, but all zoos used the same protocol. Thus, we were unable to
identify the source of variation in our population analysis. Cefovecin was found to be highly protein-
bound in cheetah plasma, at approximately 99.9%.

4. Discussion

The present study provides evidence for the long-acting nature of cefovecin in cheetahs and
supports its use in this species. Cefovecin was highly protein-bound in plasma (99.9%), which is almost
identical to domestic cats at a similar concentration (Stegemann, et al. 2006¢). High protein binding
accounts for slow renal clearance and a long terminal half-life (Stegemann et al. 2006¢; Valitutto et al.
2011). The bound fraction also functions as a reservoir that slowly releases that active unbound drug over
time. In our study, cefovecin had a long elimination half-life of 144.1 hrs (approximately six days) based
on the typical value from our NLME model.



For cephalosporins, the therapeutic efficacy against microbial pathogens is time-dependent, and
the duration that free drug concentrations in plasma and other biological fluids exceed the MIC of the
targeted pathogen is used as a predictor of efficacy (Craig, 1995; Papich, 2014; Stegemann et al. 2006c¢).
Throughout our 15-day study period, the cheetahs in our population maintained plasma cefovecin
concentrations > 7 ug/mL, with a mean plasma concentration of 12.70 + 4.32 ug/mL at the 15-day study
endpoint. These concentrations represent both bound and unbound concentrations and were above the
concentrations designated as effective for 90% of the feline Staphylococcus intermedius and Pasteurella
multocida (0.06-0.25 pg/ml) isolates in domestic cats (Stegemann et al. 2006a). Although these
concentrations appear to persist for up to seven days in our population, we have not specified a dose
interval from these observations because in most instances this agent would likely be administered only as
a single dose.

Cefovecin had a high protein binding in our population of cheetahs, as it does in domestic cats
Only the free drug concentration is microbiologically active. In domestic cats, the free (unbound)
concentrations in tissues were higher than in plasma (Stegemann et al. 2006¢). We cannot confirm that
this also occurs in cheetahs without further undue study, but it is a likely possibility. If cefovecin
disposition is similar in cheetahs and domestic cats, unbound cefovecin concentrations may be over 3
times greater in transudate compared to plasma 8 hrs post-injection to the end of the sampling interval
(Stegemann et al. 2006¢). Sampling the transudate fluid in zoo-housed cheetahs presents significant
challenges and this observation from domestic cats could not be confirmed in our cheetah population. We
cannot confirm the clinical efficacy of cefovecin for treating infections caused by susceptible bacteria
without further study in clinical patients.

Compared to other felids, the pharmacokinetic profile of cefovecin in cheetahs appears to be
intermediate between domestic cats and lions (Table 3). In cheetahs, the peak plasma cefovecin
concentration (Cmax), elimination half-life (T1), and MRT were greater than values for lions, but less than
those for domestic cats. Because the extent of protein-binding was highly similar among all three species,
it is unlikely that this was a source of the observed differences from other felids. In all three species,
animals were awake when blood samples were collected; therefore, there were no confounding effects of
anesthesia. However, the route of administration differed, IM in cheetahs and SC in domestic cats and
lions, which may contribute to the rate and extent of absorption, but not the elimination.

Our study showed the large variation in pharmacokinetic profiles in a population of zoo-housed
animals. Compared to small groups of uniform research animals used for most pharmacokinetic studies
(often with six animals per group), we observed high variability in a larger population of animals
maintained at different zoological facilities (Fig. 1). By accounting for interindividual (between subject)
variability in our population, we were able to identify the typical pharmacokinetic variables for our
population (fixed effect in our model) (Table 1), which improved the fit for the pharmacokinetic model
(Fig. 1, right side plot). The highest variation among our population occurred at the 2-hr timepoint, where
the highest plasma cefovecin concentration recorded for an individual was 150.3 pg/mL, higher than the
timepoint mean (97.58 £ 39.64 ug/mL) and the peak calculated from the model (Crmax 84.75 pg/mL).

In order to explore sources of interindividual variability in our population, we examined
covariates to identify possible factors that could explain the variability in pharmacokinetic parameters. No
significant effects of demographics (i.e. sex or age) were found, but categorical grouping by location
(housing institution) and dates of sampling yielded three distinct and significant groupings. However,
because all zoos used the same protocol for drug administration and blood sampling for their cheetahs,
without additional undue analysis, this study did not explain why these factors alone would result in such
variation in cefovecin pharmacokinetics. Other individual-level factors such as variation in physical
activity level post-injection, local massage at the injection site, or differences in muscle groups injected
may affect circulation to the targeted tissues and thus absorption of the drug. However, because these
factors were not monitored in our study, the contribution of these factors to the observed variability is
undetermined. Inter-individual variability in cefovecin disposition was also observed in a
pharmacokinetic study in tigers, but similarly remained unexplained (Cushing et al. 2017).



We used a dose of 8 mg/kg because it is the approved label dose for domestic cats, but other
investigators used different doses. Flaminio et al. suggested that a 4 mg/kg dose in African lions was
sufficient to maintain efficacious plasma concentrations for 14 days (2019), while Cushing et al.
demonstrated that plasma cefovecin levels exceeded 3.1 pug/mL for at least 49 days in tigers (2017). Our
study reported here was not designed to examine the effects of different doses on the pharmacokinetics;
therefore, the effect of other doses, routes of administration or sample collection duration in these
cheetahs is undetermined. Additionally, culture and susceptibility testing are recommended prior to
treatment whenever possible, to identify if the target pathogen is susceptible to cefovecin using clinical
breakpoints published for domestic cats (CLSI, 2020).
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Tables

Table 1. Pharmacokinetic parameters of cefovecin in cheetahs, as determined by non-linear mixed effects
modeling. Typical values for the population (0, theta) are depicted, as well as the following parameters:
V, volume of distribution; K, elimination rate constant; AUC, area under the drug concentration curve;
Cmax, peak plasma cefovecin concentration; Cl, systemic clearance; MRT, mean residence time; and Ty,
elimination half-life. Note that because the injection was intramuscular instead of intravenous, the V and

Cl are expressed as per fraction absorbed (V/F and CI/F, respectively).

Parameter
oV

0Ke
AUC
Crnax
Cl
MRT
T2

Value Units
0.094 L/kg
0.005 1/hr
17618.906 pg*hr/mL
84.747 pg/mL
0.454 mL/kg/hr
207.899 hr
144.105 hr

Table 2. Mean plasma cefovecin concentrations at each timepoint post-injection.

Time
0.5 hr
1hr
1.5hr
2 hr

6 hr

24 hr
72 hr

5 days
7 days
10 days
12 days
15 days

N

o1 o1 0o © U1 © o1 o~ W

Mean Total Plasma Cefovecin ( )
57.44 £ 11.15

64.82 £12.71
72.61+3.54

97.58 + 39.64
52.98 + 10.75
53.68 £15.11
67.79 +£28.10
39.27 +£21.89
50.98 + 23.53
32.38 +16.29
18.25+4.81

12.70 £ 4.32



Table 3. Comparative pharmacokinetics of cefovecin (dosed at 8 mg/kg) in domestic and exotic felids.

Route SC M SQ IM

AUC (ug*hiimL) 22,700 + 3450 64,4633 + 12,4095  1,855.5 276.3 17,618,906
Co (UML) 141 + 12 214.2 % 81.4 18.35 + 0.94 e
Tows (1) 20420 22.3+58.9 4.00£0 N/A”

MRT (hr) — 301.1+50.1 1535 + 49.9 B——
Tua (h1) 166 + 18 227.8+29.3 115.1 + 35.7 144,105
Protein-binding 99.8% 98% 99% 99.9%

* Tmax not able to be calculated in this present study.



Figure Legends

Figure 1. Plots of cefovecin plasma concentrations in cheetahs over time. Left panel shows individual
cheetahs with model fitted to the data. Right panel shows all cheetahs fitted to the model after
incorporation of random effects.
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