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a b s t r a c t

In vitro whole blood canine assays were used to quantify the inhibitory actions of the novel non-steroidal
anti-inflammatory drug (NSAID) robenacoxib on the cyclooxygenase (COX) isoenzymes, COX-1 and COX-
2, in comparison with other drugs of the NSAID class. COX-1 activity was determined by measuring
serum thromboxane (Tx)B2 synthesis in blood samples allowed to clot at 37 �C for 1 h. COX-2 activity
was determined by measuring prostaglandin (PG)E2 synthesis in blood samples incubated at 37 �C for
24 h in the presence of lipopolysaccharide. The rank order of selectivity for inhibition of COX-2 versus
COX-1 (IC50 COX-1:IC50 COX-2) for veterinary drugs was highest with robenacoxib (128.8) compared
to deracoxib (48.5), nimesulide (29.2), S+ carprofen (17.6), meloxicam (7.3), etodolac (6.6), R� carprofen
(5.8) and ketoprofen (0.88). Selectivity expressed as the clinically relevant ratio IC20 COX-1:IC80 COX-2
was highest for robenacoxib (19.8) compared to deracoxib (2.3), S+ carprofen (2.5), R� carprofen (2.1),
nimesulide (1.8), etodolac (0.76), meloxicam (0.46) and ketoprofen (0.21).
An in vivo pharmacokinetic ex vivo pharmacodynamic study in the dog established dosage and concen-

tration–effect relationships for single oral doses of robenacoxib over the dosage range 0.5–8.0 mg/kg. Val-
ues of Cmax and AUC were linearly related to dosage over the tested range. Robenacoxib did not inhibit
serum TxB2 synthesis (COX-1) ex vivo at dosages of 0.5–4.0 mg/kg and produced only transient inhibition
(at the 1 h and 2 h sampling times) at the 8 mg/kg dosage. All dosages of robenacoxib (0.5–8 mg/kg) pro-
duced marked, significant and dose related inhibition of PGE2 synthesis (COX-2) ex vivo.
The data demonstrate that in the dog robenacoxib is a highly selective inhibitor of the COX-2 isoform of

COX, and significantly inhibits COX-2 and spares COX-1 in vivowhen administered orally over the dosage
range 0.5–4.0 mg/kg.

� 2009 Elsevier Ltd. All rights reserved.

1. Introduction

The discovery, independently by Vane (1971) and Smith and
Willis (1971), that the principal mode of action of non-steroidal
anti-inflammatory drugs (NSAIDs) is inhibition of cyclooxygenase
(COX), an enzyme in the arachidonic acid cascade, was followed
some 20 years later by the identification of a second isoform (Ku-
jubu et al., 1991; Xie et al., 1991). It was initially assumed that
most if not all of the well known side-effects of NSAIDs (gastroin-
testinal ulceration and perforation, renal toxicity, and inhibition of
blood clotting and haemostatic pathways) were attributable to
inhibition of COX-1, as this isoform is present constitutively in
most body cells, erythrocytes being an exception (Masferrer
et al., 1994). On the other hand, the newly discovered isoform,
COX-2, was found to be absent or present in very low concentra-

tions in most tissues. However, COX-2 is induced by tissue damage
to generate pro-inflammatory prostaglandins (PGs) such as PGE2
and PGI2 (Flower, 2003; Lees et al., 2004a). COX-2 was therefore
classified as an inducible isoform, interacting with other mediators
such as histamine and bradykinin to generate the cardinal signs of
inflammation; heat, redness, swelling, pain and loss of function.
Studies of the selectivity of the then available NSAIDs indicated
that the majority were non-selective COX inhibitors, but with a
few showing preferential activity for either COX-1 or COX-2 (Pairet
and Engelhardt, 1996; Warner et al., 1999).

These discoveries led to intensive research efforts to develop
compounds which are highly selective inhibitors of COX-2, in the
expectation they would be free of the major side-effects which
characterise the actions of non-selective inhibitors of COX. This
search culminated in the discovery and introduction into human
medicine of a new class of NSAIDs, the COXIBs, which are selective
COX-2 inhibitors (Riendeau et al., 2001; Flower, 2003; Esser et al.,
2005). Drugs of this class are now also licensed for use in compan-
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ion animal medicine; they include deracoxib and firocoxib (Gierse
et al., 1999; McCann et al., 2004; Sessions et al., 2005).

However, pre-clinical studies and clinical experience have indi-
cated that the COXIBs are not free of all side-effects. This is proba-
bly due to three principal factors. First, it is now known that COX-2,
whilst less widespread in its distribution than COX-1, is present
constitutively in some tissues, including the gastric mucosa, kidney
and central nervous system, where it exerts physiological and/or
pathophysiological roles that are the subject of ongoing research
(Wooten et al., 2008). Second, COX-2 is likely to play an important
role in the beneficial process of gastric repair, probably as a result
of the synthesis and release of prostanoids which facilitate repair
processes (Wallace and Devchand, 2005; Wooten et al., 2008).
Third, concentration–inhibition relationships for both COX-1 and
COX-2 have been found to be relatively shallow for many NSAIDs
(Landoni and Lees, 1995; Kay-Mugford et al., 2000; Lees et al.,
2004a; Giraudel et al., 2005; Warner et al., 1999), so that even high
COX-1:COX-2 inhibition ratios of 100:1 or greater do not guarantee
total freedom from inhibition of COX-1 at clinically recommended
dosages (Giraudel et al., 2005). The plasma concentrations pro-
vided by clinically recommended dosages of most NSAIDs are
likely to achieve 80–100% inhibition of COX-2 and, even for selec-
tive drugs, may produce some COX-1 inhibition.

Robenacoxib is a highly selective COX-2 inhibitor, developed for
use in dogs and cats for the suppression of pain and inflammation
(Giraudel et al., 2009a,b; Jung et al., 2009; King et al., 2009). The
aim of this study was to establish the potency of robenacoxib for
COX-1 and COX-2 inhibition in the dog in comparison with other
NSAIDs, including agents currently used in companion animal
medicine. It is well recognised that the degree of NSAID inhibition
of COX isoforms varies with experimental conditions (Lees et al.,
2004a; McCann et al., 2004; Warner et al., 1999). Therefore, in this
investigation, experiments were conducted under standardised
conditions both in vitro and ex vivo.

2. Materials and methods

The studies were conducted under protocols approved by Nov-
artis Animal Health Research Centre in St. Aubin, Switzerland, and
in compliance with the Swiss law for animal protection.

2.1. Comparative in vitro pharmacodynamic study

2.1.1. Animals used and assay methods
This study was undertaken: (1) to assess the inhibitory potency

of robenacoxib against COX-1 and COX-2 in in vitrowhole blood as-
says in the dog; and (2) to compare this activity with that of other
reference NSAIDs. For comparison, the following control drugs
were used: R� carprofen, S+ carprofen, celecoxib, deracoxib, dic-
lofenac, etodolac, ketoprofen, meloxicam and nimesulide. Diclofe-
nac was included as it is structurally related to robenacoxib, and
is a COX-2 preferential inhibitor used extensively in human medi-
cine (King et al., 2009). Celecoxib was included, as an example of a
COXIB used in humanmedicine. All other drugs are licensed for use
in dogs. Both carprofen enantiomers (R� and S+) were studied, be-
cause previous work has shown that they differ markedly in po-
tency as COX-1 and COX-2 inhibitors (Lees et al., 2004a). Each
compound was tested in 5–10 dogs (between 7 and 10 dogs for
most compounds). The primary end-points were the potencies, ex-
pressed as IC50, of the test compounds for inhibition of COX-1 and
COX-2 and the derived COX-1:COX-2 inhibition potency ratios.

From each of 10 beagle dogs (male and female) a volume of
60 mL blood was taken to enable both assays to be carried out
for each concentration of each test compound. All dogs were in
good health, and this was confirmed by haematology and clinical

chemistry analyses. No dog had received any drug for at least
4 weeks prior to study commencement.

For the COX-1 assay, 30 mL blood was collected into S-mono-
vette tubes containing no anticoagulant (Sarstedt AG, Sevelon,
Switzerland). Aliquots of 500 lL were immediately transferred to
tubes containing either 2 lL DMSO (vehicle) or test article dis-
solved in 2 lL DMSO. After mixing, samples were incubated at
37 �C for 60 min. Samples were then centrifuged at 4 �C and
12,000g for 5 min. The supernatant serum was stored at �20 �C
for a maximum of 1 week prior to analysis of TxB2.

For the COX-2 assay, 30 mL blood was collected into S-mono-
vette tubes containing citrate as anticoagulant (Sarstedt). Aliquots
of 500 lL were immediately pipetted into tubes containing 2 lL
DMSO (vehicle) or test article dissolved in DMSO. After mixing, a
volume of 10 lL lipopolysaccharide (LPS) (at a concentration of
100 lg/mL in phosphate buffered saline) was added to each tube
(LPS L-2630 from Escherichia coli serotype 0111:B4 was obtained
from Sigma–Aldrich Chemie GmbH, Buchs, Switzerland). Samples
were incubated at 37 �C for 24 h and then centrifuged at 4 �C and
12,000g for 5 min. The supernatant plasma was stored at �20 �C
for a maximum of 1 week prior to analysis for PGE2.

TxB2 and PGE2 were quantified by enzyme immunoassays using
commercial kits, RPN220-TxB2 Biotrak EIA kit and RPN222-PGE2
Biotrak EIA kit, respectively, obtained from Amersham Pharmacia
(GE Healthcare GmbH, Otelfingen, Switzerland). For both assays
samples were diluted prior to assay.

2.1.2. Data analysis
Plots of serum TxB2 and plasma PGE2 concentration, and the de-

gree of inhibition compared to the control group, versus drug con-
centration were prepared for each test compound. The data were
fitted to Hill plots and the slope (b) and IC50 values calculated.
The extent of parallelism of the curves was assessed. The calcula-
tion of IC50 was based on the standard sigmoidal model:

y ¼ y1 þ
y0 � y1

1þ expðaþ b � logðxÞÞ

where x = concentration of test substance and y = response, with
four parameters: a, an intercept parameter; b, the slope of the curve
(>0); y0, the y value for x = 0; y1, the y value for x =1.

IC50 was defined as the x value for which y = (y0 + y1)/2, which
yields the equation:

IC50 ¼ expð�a=bÞ

As this model is non-linear, the estimation of its parameters in-
volves an iterative technique, implemented in SAS Proc Nlin
(SAS Online Doc Version 8.2, 1999; SAS Institute Inc., Cary, NC,
USA). Estimates of model uncertainty were then based on linear
approximations.

From the data it was clear that the assumption that y1 = 0 was
plausible; y1 was therefore fixed at zero. y0 varied considerably be-
tween dogs. For data fitting, two models were used as follows:

Model 1 was fitted to the data for one response, one compound
and one dog. The model fitting procedure was successful in all
cases, but for some the slope was not significantly different from
zero, indicating a poor fit. In addition, the quotient IC50(Tx-
B2):IC50(PGE2) was calculated as a measure of COX-2 selectivity.
Geometric means were determined for all dogs, as well as those
dogs ‘‘with good fit”, defined as: (a) slope (b) was significantly dif-
ferent from zero; (b) the estimated value for IC50 did not exceed 10
times the median value for all dogs, with slope significantly differ-
ent from zero and was not less than 1/10 of the median. The med-
ian was determined on the log-scale and backtransformed to the
original linear scale.

Model 2 was fitted to the data for one response, one compound
and all dogs, with parameters a and y0 varying from dog to dog, but
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b being equal for all dogs (common slope model). The model fitting
procedure was again successful in all cases, but in one instance the
slope was not significantly different from zero, indicating a poor fit.

Models 1 and 2 produced qualitatively similar results. Although
Model 1 is theoretically superior, with Model 2 more dogs could be
taken into account in the analysis. Data are presented for both
models, using good fit data only.

Geometric means were computed for all dogs used in the model
fitting procedure. In addition, geometric means of the following ra-
tios were calculated as indices of COX-2 selectivity: IC20(TxB2):
IC20(PGE2); IC50(TxB2):IC50(PGE2); IC80(TxB2):IC80(PGE2); IC20(TxB2):
IC80(PGE2).

Slopes of the models for TxB2 and PGE2 inhibition (b) were com-
pared statistically. Using the ‘‘average” model for all animals, inhi-
bition of TxB2 was plotted versus inhibition of PGE2.

All calculations were conducted using the software SAS� Ver-
sion 8.2. In all statistical tests, a two-tailed a level of 0.05 was used.

2.2. In vivo pharmacokinetic and ex vivo pharmacodynamic study

2.2.1. Animals used and assay methods
Twelve beagle dogs (six male, six female) were used in a seven-

period cross-over study, conducted in compliance with Good Clin-
ical Practice Guidelines issued by the Committee for Veterinary
Medicinal Products (II/3767/92 Final). All dogs included in the
study were in good health, as assessed by clinical examinations
and by haematology and blood chemistry analyses. A dose titration
study was undertaken to establish, in relation to administered dose
in the presence of an acute joint inflammation induced by injection
of urate crystals into a stifle joint, the in vivo pharmacokinetics and
ex vivo pharmacodynamics of robenacoxib, administered orally in a
tablet formulation. Treatments comprised oral administration of
placebo tablets, five dosages of robenacoxib (0.5, 1.0, 2.0, 4.0 and
8.0 mg/kg) (administered as 2.5 or 10 mg tablets) and, as a positive
control, meloxicam (Metacam� 1.5 mg/mL Boehringer Ingelheim
Vetmedica GmbH, Ingelheim am Rhein, Germany), at dosage of
0.1 mg/kg.

Dogs were allocated to treatment groups using randomised
incomplete Latin Square designs separately for males and females.
Drugs and placebo were administered to fasted animals and feed
was then withheld up to the final sampling time (6 h) but water
was available ad libitum. An acute, transient arthritis was induced
in each dog by injection of 15 mg uric acid (Fluka, Buchs, Switzer-
land) in 2.5 mL normal saline into a stifle joint, whilst the dogs
were sedated with medetomidine (Domitor, Orion Corp., Espo, Fin-
land) at a dosage of 20–80 lg/kg. Uric acid was injected 3 h prior to
treatment with placebo, robenacoxib or meloxicam administra-
tion. The personnel involved in assessments were blinded to treat-
ments. At least 14 days was allowed between each period. The
assessment of joint function is not considered in this article.

Blood samples for determination of robenacoxib blood concen-
tration were collected from a cephalic or jugular vein into EDTA
using a relatively sparse sampling strategy, prior to and at times
of 1, 2, 4 and 6 h post-dosing. Blood robenacoxib concentrations
were determined as described previously (Jung et al., 2009).

Ex vivo COX-1 activity was determined by measurement of ser-
um TxB2 in blood samples collected prior to and at 1, 2 and 6 h
post-dosing and allowed to clot at 37 �C for 1 h immediately after
collection. Serum was harvested by centrifugation. Ex vivo COX-2
activity was monitored in heparinised blood samples collected
prior to and 1, 2 and 6 h post-dosing after incubation of the sam-
ples with LPS (10 lL of 100 lg/mL suspension in phosphate buf-
fered saline, LPS, L-2630 from E. coli serotype 0111:4 obtained
from Sigma–Aldrich) for 24 h at 37 �C. TxB2 and PGE2 were quanti-
fied using enzyme immunoassays as previously described in
Section 2.1.1.

2.2.2. Data analyses
All tests used a two-tailed a level of 0.05.
From the blood concentration–time data the following pharma-

cokinetic variables were determined using SAS: AUC[0–6], AUC[6–
1], AUC[0–1], Cmax, Tmax and terminal half-life t½ = ln2/k, where k
is the rate constant for the terminal decline phase, estimated by
linear regression of the log concentration–time plot. The extrapo-
lated portion of the curve, AUC[6–1], did not exceed 20% of total
area, AUC[0–1], in any dog.

To evaluate the significance of differences between the five
robenacoxib dosage groups, a parametric linear model (Analysis
of Variance, Proc Mixed in SAS) was fitted for each pharmacoki-
netic variable after log-transformation. It was assumed that each
log-transformed variable might depend on treatment group, sex
and treatment � sex interaction. Based on the linear model, treat-
ment groups were compared using the Tukey multiple comparison
method. To further evaluate linearity for the variables log AUC[0–
6], log AUC[0–1] and log Cmax, a linear regression to log dosage
was performed. For the assumption of linearity to be confirmed,
the value of the regression slope b should equal 1, because the dose
linearity equation, AUC = a � dosage translates to log AUC =
log a + b � log dosage with b = 1.

For the pharmacodynamic data, the seven treatment groups
were compared at each time point using the non-parametric
Mann–Whitney U test (Proc npar1way in SAS) since the data were
probably not normally distributed.

Correlation of TxB2 and PGE2 concentrations with blood concen-
trations of robenacoxib, using data from animals receiving robe-
nacoxib or placebo, was based on the equation:

log
y� y0
y1 � y

¼ aþ b log conc:;

where y is the response (TxB2 or PGE2 concentration relative to pre-
value), conc. is the robenacoxib concentration, y0 and y1 are the re-
sponse values for concentrations 0 and infinity, respectively; a is an
intercept and b > 0 is the slope or Hill coefficient. a, b and y0 were
estimated by the model and y1 was fixed at zero. IC50 was then
computed from a and b using the equation:

log IC50 ¼ �a=b;

with confidence intervals following from Fieller’s Theorem.

3. Results

3.1. Comparative in vitro pharmacodynamic study

Geometric mean IC50 values for COX-1 and COX-2 for the 10
compounds investigated in the whole blood assay using Model 1
are presented in Table 1. For some dogs the slope of the concentra-
tion–response relationship could not be differentiated from zero,
leading to a poor fit; data are presented only from dogs achieving
a good fit. The Model 2 analysis provided a better fit in most cases
and data are presented in Table 2, again for data achieving a good
fit only. No biologically relevant differences were obtained with re-
sults from Models 1 and 2, and from all dogs compared with good
fit only. Plots for individual dogs of percentage TxB2 inhibition ver-
sus percentage PGE2 inhibition are presented in Fig. 1; the data
illustrate relative potencies of COX-1 and COX-2 inhibition and
also inter-animal variability for each drug.

Plots of TxB2 and PGE2 concentrations versus blood concentra-
tions of robenacoxib are illustrated in Figs 2 and 3, respectively.

For the eight drugs registered for veterinary use, the rank order
of potency for COX-1 (serum TxB2) inhibition was ketopro-
fen > meloxicam > nimesulide > etodolac > deracoxib > robenacox-
ib > S+ carprofen > R� carprofen. For COX-2 (plasma PGE2)
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inhibition, the corresponding rank potency order was robenacox-
ib > ketoprofen > meloxicam > deracoxib > nimesulide > etodolac >
S+ carprofen > R� carprofen.

The slopes of COX-1 and COX-2 inhibition curves were rela-
tively shallow for all compounds investigated, ranging from
0.938 (nimesulide, COX-1) to 2.73 (R� carprofen, COX-1) and from
1.06 (nimesulide, COX-2) to 2.62 (R� carprofen, COX-2). For robe-
nacoxib slopes were 1.45 (COX-1) and 1.37 (COX-2). For 9 of the 10
compounds tested, curve slopes for inhibition of COX-1 and COX-2
did not differ significantly. The exception was diclofenac, for which
the slope was steeper for PGE2 inhibition (p = 0.0083).

Differences in slopes of the inhibition curves for TxB2 and PGE2,
even when not statistically significant, led to small differences in
estimates of potency ratios, depending on the level of inhibition
considered (Table 3). Of the eight compounds registered for veter-
inary use, the rank order of potency for inhibition ratios, IC50 COX-
1:IC50 COX-2, reflecting selectivity for COX-2, was robenacoxib >
deracoxib > nimesulide > S+ carprofen > meloxicam > etodolac > R�
carprofen > ketoprofen. The same rank order was obtained for
IC80 inhibition ratios except for interposition between etodolac
and meloxicam. The IC20 TxB2:IC80 PGE2 ratio provides a particu-
larly useful indicator of selectivity, since in clinical use it is gener-
ally regarded as appropriate to achieve IC80 concentrations for
COX-2 inhibition to ensure clinical efficacy, whilst it is considered
desirable for concentrations not to exceed the IC20 for COX-1 inhi-
bition to ensure minimal side-effects in relation to the gastrointes-
tinal tract and haemostasis (Giraudel et al., 2005, 2009a). Of the
drugs of veterinary interest, the highest ratio (19.8) was obtained
for robenacoxib and the lowest (0.21) was obtained for ketoprofen
(Table 3).

3.2. In vivo pharmacokinetic and ex vivo pharmacodynamic study

3.2.1. Pharmacokinetics
Blood pharmacokinetic variables for each dosage group of robe-

nacoxib are presented in Table 4. For AUC[0–6], AUC[0–1] and
Cmax, normalised for administered dosage, mean, median and range
values were similar for all five robenacoxib dosages, except for a
small numerical increase in AUC values at the highest dosage
(8 mg/kg), but which did not differ significantly from values ob-
tained with the four lower dosages (vide infra). For all dosages of
robenacoxib there were no significant differences between female
and male dogs.

Median and range for Tmax were 1 h and 0.5–4.0 h, respectively.
The terminal half-life in blood was relatively short (harmonic
mean values in the range 0.60–0.91 h) and non-dose related.

The linear model used to assess differences based on treatment,
sex and treatment � sex for log-transformed data depends on the
assumption of normality. Therefore, the standardised residuals
were subjected to a test for normality. Excluding an outlier value
for one treatment in a single dog, all variables except Tmax were
normally distributed as follows: log AUC[0–6], p = 0.97; log
AUC[0–1], p = 0.64; log Cmax, p = 0.86; log t½, p = 0.42; log Tmax,
p = 0.028. The latter value is not unexpected, as values are discrete
(0.5, 1, 2 or 6 h). None of the model parameters (treatment, sex and
treatment � sex) differed significantly for any pharmacokinetic var-
iable. The analyses also indicated no linear or non-linear depen-
dency on log dosage.

Based on the Tukey multi-comparison test for all possible com-
parisons, no group comparisons yielded a significant difference,
although p = 0.055 for one comparison (robenacoxib 1 mg/kg ver-
sus 4 mg/kg for t½). Therefore, none of the variables AUC[0–6]/dos-
age, AUC[0–1]/dosage, Cmax/dosage, Tmax and t½ differed
significantly between either dosages of robenacoxib or sexes. Line-
arity was confirmed using linear regression of log AUC[0–6], log
AUC[0–1] and log Cmax versus log dosage. Slope estimates were
1.027 (log AUC[0–6]), 1.028 (log AUC[0–1]) and 1.002 (log Cmax)
and 95% confidence intervals were narrow (data not shown), con-
firming the assumption of normality for these variables.

3.2.2. Pharmacodynamics
The magnitude and time course of ex vivo inhibition of synthesis

of TxB2 and PGE2 are presented in Table 5. The significance of each
of the differences at times of 1, 2 and 6 h between each of the five
dosages of robenacoxib and placebo and meloxicam treatments is
indicated in Table 6. The pre-dosing values of TxB2 and PGE2 were
not significantly different between each of the seven groups
(p > 0.54 for serum TxB2, p > 0.16 for plasma PGE2). Analysis of ob-
served values is therefore more relevant in this case than analysis
of changes from baseline, as the latter introduces an additional
source of error. Observed values were therefore used as the pri-
mary parameter. The data for placebo dosing indicate relative con-
stancy of TxB2 concentration between 0 and 6 h but there was an
increase with time in PGE2 concentration at 2 and 6 h. Therefore,
for statistical analyses the data for meloxicam and robenacoxib
groups were evaluated relative to the placebo.

The positive control drug, meloxicam, produced no significant
change compared to placebo in TxB2 concentration at any sampling
time (Tables 5 and 6). Compared to meloxicam but not placebo, the
highest dosage of robenacoxib produced slight but significant
inhibition of serum TxB2 at 1 h but not at 2 h or 6 h (Tables 5
and 6).

Meloxicam produced no significant change compared to pla-
cebo in PGE2 concentration at any sampling time (Tables 5 and
6). In comparison with both placebo and meloxicam treatments,
robenacoxib at every dosage significantly inhibited PGE2 synthesis
at times of 1 and 2 h after dosing, when assessed as absolute ng/mL

Table 1
Model 1, IC50 (lM) values from in vitro assays in whole blood (geometric means of
model results from individual dogs).

Drug PGE2 TxB2 Quotient TxB2:PGE2

n Mean n Mean n Mean

R� Carprofen 4 48.80 3 196.8 1 1.884
S+ Carprofen 7 1.047 7 25.21 5 19.06
Celecoxib 7 0.3966 8 8.918 6 20.47
Deracoxib 6 0.1885 8 9.963 5 61.53
Diclofenac 7 0.0166 6 0.4796 3 9.085
Etodolac 7 1.181 9 5.657 6 4.065
Ketoprofen 7 0.1096 9 0.1020 7 0.8955
Meloxicam 8 0.0821 8 1.066 6 7.629
Nimesulide 5 0.1763 5 6.406 5 36.33
Robenacoxib 8 0.0429 7 7.888 6 140.2

n = number of dogs.

Table 2
Model 2, IC50 (lM) values from in vitro assays in whole blood (geometric means of
model results from all dogs).

Drug PGE2 TxB2 Quotient TxB2:PGE2

n Mean n Mean n Mean

R� Carprofen 10 45.61 10 266.6 10 5.846
S+ Carprofen 10 1.466 10 25.73 10 17.55
Celecoxib 9 0.4504 9 9.170 9 20.36
Deracoxib 9 0.2030 9 9.854 9 48.54
Diclofenac 10 0.0297 10 0.3250 10 10.93
Etodolac 10 1.001 10 6.625 10 6.621
Ketoprofen 10 0.1230 9 0.1054 9 0.8805
Meloxicam 9 0.1423 10 1.215 9 7.421
Nimesulide 5 0.2105 5 6.206 5 29.48
Robenacoxib 9 0.0786 9 10.77 8 128.8

n = number of dogs.
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values (Tables 5 and 6). The differences from both placebo and
meloxicam were also statistically significant for all robenacoxib

dosages at both 1 and 2 h when expressed as percentage change,
except for the lowest dosage (0.5 mg/kg) at a single time of 2 h.
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Fig. 1. Individual dog plots of percentage TxB2 inhibition (ordinate) as an index of COX-1 inhibition, versus percentage PGE2 inhibition (abscissa) as an index of COX-2
inhibition, based on Model 2 analyses from the in vitro study in whole blood for (a) R� carprofen, (b) S+ carprofen, (c) deracoxib, (d) etodolac, (e) ketoprofen, (f) meloxicam,
(g) nimesulide, and (h) robenacoxib.
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At both 1 and 2 h, robenacoxib inhibition of PGE2 was both dosage
and blood concentration dependent. Values of maximal PGE2 inhi-
bition compared to baseline were: �4.8% (placebo); �10.5%
(meloxicam); +50.0% (0.5 mg/kg robenacoxib); +65.1% (1.0 mg/kg
robenacoxib); +79.1% (2.0 mg/kg robenacoxib); +84.5% (4.0 mg/kg
robenacoxib); and +84.2% (8.0 mg/kg robenacoxib).

The action of robenacoxib on PGE2 synthesis was relatively
short-lived, as indicated by no significant differences from both

placebo and meloxicam at 6 h, except for significant inhibition rel-
ative to meloxicam at this time for the 4 mg/kg robenacoxib dosage
(p = 0.036, Table 6).

For TxB2, maximal inhibition was not obtained in any dog and a
good fit of the data to blood robenacoxib concentration could not
be established. However, a reliable fit for blood robenacoxib con-
centration and PGE2 inhibition was achieved. The slope (b) was
1.3, and IC50 was 280 ng/mL.
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Fig. 2. Plot of all individual values of change from baseline in TxB2, as an index of COX-1 inhibition, against log10 blood concentration of robenacoxib. Model 2 analyses from
the in vitro study in whole blood. Relative units for TxB2 refer to 1 = baseline i.e. no inhibition of TxB2, 0 = no TxB2 i.e. maximal inhibition. Additional dotted lines represent the
IC50 (0.5), IC20 (0.8) and IC80 (0.2).
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For COX-2 inhibition (PGE2) estimated oral dosages of robenac-
oxib were: ED20 = 0.048 mg/kg; ED50 = 0.34 mg/kg; ED80 = 2.38 mg/
kg. Because of limited inhibition of COX-1 (TxB2) by robenacoxib,
even with the highest dosage of 8 mg/kg, less precise values were
determined as follows: ED20 = 4.52 mg/kg; ED50 = 17.4 mg/kg. The
ED20 ratio COX-1:COX-2 for robenacoxib was 94; ED20 was selected
as a more accurate measure than the ED50 ratio for this data set.

4. Discussion

4.1. Comparative in vitro pharmacodynamic study

Quantitative determination of concentration–effect relation-
ships for COX-1 and COX-2 inhibition by NSAIDs has several uses
(Lees et al., 2004a,b). First, it establishes levels of Imax against each
COX isoform, and thus indicates if 100% inhibition is attainable.
Secondly, it enables determination of potency, usually defined as
IC50 but, in the case of NSAIDs, more appropriately defined as a va-
lue for COX-1 inhibition of 20% or less (as an indirect index of
safety) and a higher value for COX-2 of 80–95% (as an indirect pre-
dictor of efficacy). Thirdly, based on relative potencies of COX-1 and
COX-2 inhibition, quantitative data allow determination of several
COX-1:COX-2 potency ratios e.g. IC50 COX-1:IC50 COX-2, IC80 COX-
1:IC80 COX-2; IC20 COX-1:IC80 COX-2, as shown by Giraudel et al.
(2005 and 2009a). Whilst the numerical values of potency ratios
do not precisely correlate with the margin of safety of NSAIDs in
clinical use, it is widely accepted that a high level of selectivity
for COX-2 is likely to be associated with lack of interference with
haemostasis and with limited likelihood of gastrointestinal (and
possibly renal) side-effects (Warner et al., 1999). Fourthly, estab-
lishing the whole sweep of the concentration–effect relationships
allows calculation of the third pharmacodynamic parameter, the
slope.

There are considerable differences in the scientific literature of
values for individual NSAIDs, in respect of both potency (usually
expressed as IC50 values for COX-1 and COX-2) and COX selectivity
(expressed as IC50 COX-1:COX-2 ratios). As discussed by Warner
et al. (1999) and Lees et al. (2004a,b), this variability within and
between laboratories is in part attributable to experimental condi-
tions (e.g. dependent on the use of either isolated enzymes, broken
cell or intact cell preparations, and also on incubation time, stimu-
lus and whether the medium used is buffer or blood). There is a
general consensus that whole blood in vitro assays approximate
most closely to physiological in vivo conditions, and are therefore
the most useful for predicting the clinical relevance of given levels
of COX-1 and COX-2 inhibition (Patrignani et al., 1994; Brideau
et al., 2001; Warner et al., 1999; Giraudel et al., 2009a).

However, even when using whole blood assays, differences be-
tween and sometimes within species occur, as illustrated by IC50

COX-1:COX-2 ratios for RS carprofen in man (0.02, Warner et al.,
1999) and the dog (16.8, Streppa et al., 2002; 8.0, McCann et al.,
2004; 5.4, Wilson et al., 2004; 6.5, Brideau et al., 2001). Interpret-
ing data for the racemate of carprofen is, however, of limited value,
because it is a mixture of two drugs, each with differing potencies
for COX-1 and COX-2 inhibition and hence differing COX-1:COX-2
ratios. Using the more active S+ enantiomer of carprofen, Lees et al.
(2004b) obtained an IC50 COX-1:COX-2 ratio of 25 in a canine
whole blood assay, which agrees well with the value of 18 obtained
in this study and with the value of 16.8 reported by Streppa et al.

Table 3
Model 2, TxB2:PGE2 inhibition ratios from in vitro assays in whole blood.

Drug n IC20 TxB2:IC20 PGE2 IC50 TxB2:IC50 PGE2 IC80 TxB2:IC80 PGE2 IC20 TxB2:IC80 PGE2

R� Carprofen 10 5.719 5.846 5.986 2.072
S+ Carprofen 10 19.78 17.55 15.57 2.452
Celecoxib 9 18.74 20.36 22.12 2.341
Deracoxib 9 54.63 48.54 43.12 5.283
Diclofenac 10 16.29 10.93 7.333 1.384
Etodolac 10 5.453 6.621 8.038 0.7644
Ketoprofen 9 0.6985 0.8858 1.123 0.2082
Meloxicam 9 7.647 7.262 6.897 0.4595
Nimesulide 5 35.07 29.48 24.79 1.824
Robenacoxib 8 133.5 141.3 149.6 19.75

Table 4
Univariate statistics by sex and dosage for blood pharmacokinetic variables in dogs
receiving single oral doses of robenacoxib at dosages ranging from 0.5 to 8 mg/kg.

Sex or group n Mean SD Minimum Median Maximum

AUC [0–6]/dosage (ng h/mL/mg/kg)
Males 28 820 238 178 791 1322
Females 29 900 153 610 866 1217
0.5 mg/kg 12 846 201 540 850 1322
1 mg/kg 12 830 304 178 792 1231
2 mg/kg 11 833 125 673 793 1035
4 mg/kg 11 874 151 672 860 1143
8 mg/kg 11 924 191 561 952 1189

AUC [0–1]/dosage (ng h/mL/mg/kg)
Males 28 839 233 179 793 1322
Females 29 914 152 638 876 1220
0.5 mg/kg 12 867 186 638 850 1322
1 mg/kg 12 836 307 179 798 1233
2 mg/kg 11 840 128 687 793 1042
4 mg/kg 11 909 139 687 908 1146
8 mg/kg 11 938 179 620 962 1192

Cmax/dosage (ng/mL/mg/kg)
Males 28 514 273 111 479 1201
Females 29 532 208 197 476 1151
0.5 mg/kg 12 501 268 180 436 1201
1 mg/kg 12 507 262 111 443 978
2 mg/kg 11 583 147 355 590 807
4 mg/kg 11 511 265 265 397 1151
8 mg/kg 11 518 268 176 442 1112

Tmax (h)
Males 28 1.39 0.72 0.50 1.00 4.00
Females 29 1.12 0.55 0.50 1.00 2.00
0.5 mg/kg 12 1.33 0.96 0.50 1.00 4.00
1 mg/kg 12 1.29 0.66 0.50 1.00 2.00
2 mg/kg 11 1.05 0.52 0.50 1.00 2.00
4 mg/kg 11 1.27 0.47 1.00 1.00 2.00
8 mg/kg 11 1.32 0.56 0.50 1.00 2.00

Sex or
group

n Mean SD Harmonic
mean

Minimum Median Maximum

t½ (h)
Males 28 0.83 0.33 0.73 0.38 0.73 1.53
Females 29 0.77 0.29 0.68 0.31 0.72 1.52
0.5 mg/kg 12 0.78 0.36 0.65 0.38 0.65 1.32
1 mg/kg 12 0.66 0.18 0.60 0.31 0.64 1.00
2 mg/kg 11 0.74 0.20 0.69 0.45 0.75 1.14
4 mg/kg 11 1.02 0.35 0.91 0.57 0.98 1.52
8 mg/kg 11 0.81 0.30 0.74 0.55 0.70 1.53
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(2002) for RS caprofen. Lees et al. (2004b) reported an IC50 COX-
1:COX-2 ratio of 2.4 for R� carprofen, which also compares well
with a value of 5.8 in this study. These differences for inhibition
of the two COX isoforms justify attribution of the term preferential
inhibitor to S+ carprofen and non-selective inhibitor for R� carpro-
fen. In the present study, preferential inhibition of COX-2 was also
demonstrated for etodolac, meloxicam and nimesulide, whereas
the inhibitory ratio for robenacoxib of 140.2 (Model 1) and 128.8
(Model 2) defines this compound as a highly selective COX-2 inhib-
itor. Similarly high inhibition ratios in the rat (King et al., 2009) and
the cat (Giraudel et al., 2009a) confirm that, in contrast to meloxi-
cam and carprofen (the latter being COX-1 preferential in man,
non-selective in the horse and COX-2 preferential in the dog and
cat, Lees et al., 2004a), the high selectivity of robenacoxib is con-
firmed in all three species investigated. Thus, IC50 values for robe-
nacoxib in the in vitro whole blood assays in the dog and cat were,
respectively: COX-1 10.8 and 28.9 lM; COX-2 0.079 and 0.058 lM;
COX-1:COX-2 ratio 128.8 and 502 (this study and Giraudel et al.,
2009a).

The usefulness of the whole blood assay used in this investiga-
tion is demonstrated by the selective inhibition of COX-2 (>20-fold
selectivity for IC50 ratios) shown for robenacoxib, deracoxib,
nimesulide and celecoxib, the preferential inhibition of COX-2
(>1–20-fold selectivity) shown for R� and S+ carprofen, diclofenac,
etodolac and meloxicam, and non-selectivity (<1-fold selectivity)
of ketoprofen. Moreover, from a perspective of predicting efficacy
and especially safety in clinical use, the ratio IC20 COX-1:IC80

COX-2, may be more useful than the IC50 COX-1:IC50 COX-2 ratio.
Potency ratios for IC20 COX-1:IC80 COX-2 were markedly higher
for robenacoxib (19.8) compared to values for deracoxib (5.3), S+
carprofen (2.5), R� carprofen (2.1), nimesulide (1.8), etodolac
(0.76), meloxicam (0.46) and ketoprofen (0.21). In future studies,
it will be of interest to compare robenacoxib potency ratios with
those of other COXIBs recently introduced into veterinary medi-
cine, such as firocoxib and mavacoxib which were not available
to us at the time this study was undertaken. In summary, the pres-
ent data indicate that carprofen may be classified as a drug of low
potency, and ketoprofen and meloxicam as drugs of high potency,

Table 5
Univariate statistics for serum TxB2 and PGE2 concentrations in whole blood assays (as indices of COX-1 and COX-2 activity respectively) and percentage inhibition relative to
baseline at each time point in dogs receiving single oral doses of placebo, robenacoxib or meloxicam.

Variable (units) Time (h) Placebo Robenacoxib Meloxicam

Mean SD 0.5 mg/kg 1 mg/kg 2 mg/kg 4 mg/kg 8 mg/kg 0.1 mg/kg

Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD

TxB2 (ng/mL) 0 1957 900 1938 1040 2035 909 2030 870 1963 891 2005 644 1834 718
1 1872 779 1676 685 1796 667 1512 583 1591 662 1223 507 1615 624
2 1907 906 1775 811 1889 730 1690 655 1578 674 1492 483 1711 663
6 2266 1139 1773 627 1966 749 1785 643 1915 680 1924 716 1575 600

TxB2 inhibition (%) 1 1.58 16.05 4.18 26.01 6.63 18.96 23.39 15.33 15.22 17.20 37.60 22.88 10.44 13.02
2 2.47 10.43 2.98 21.73 2.50 19.09 13.21 24.94 17.61 19.85 24.73 12.35 4.42 17.85
6 �10.57 28.47 �7.09 46.35 �3.27 34.38 7.93 20.54 3.01 14.52 7.07 11.02 8.75 22.39

PGE2 (ng/mL) 0 224 64 205 74 234 83 195 44 228 81 188 66 213 56
1 243 95 122 75 102 69 70 104 59 56 37 43 236 73
2 319 126 195 105 145 81 118 83 45 38 57 92 298 107
6 314 114 314 134 331 83 282 99 235 110 208 95 293 98

PGE2 inhibition (%) 1 �11.85 44.93 35.69 32.59 56.41 25.05 66.66 39.04 72.55 26.16 79.69 20.03 �11.93 28.81
2 �49.56 71.19 �1.52 61.06 40.17 19.66 37.46 43.74 79.74 17.16 65.85 55.43 �42.06 48.98
6 �43.69 53.47 �70.47 97.49 �52.06 48.11 �48.68 52.39 �4.69 38.47 �21.00 85.96 �37.97 35.55

Table 6
P values for comparisons at each time point for TxB2 and PGE2 concentrations and percentage inhibition in whole blood assays (as indices of COX-1 and COX-2 activity
respectively) in dogs receiving single oral doses of placebo, robenacoxib or meloxicam.

Variable Time (h) Comparison to Meloxicam:Robenacoxib (mg/kg) Comparison to Placebo:Robenacoxib (mg/kg) Meloxicam comparison
to placebo

0.5 1 2 4 8 0.5 1 2 4 8

TxB2 (ng/mL) 0 0.95 0.69 1.00 0.86 0.70 1.00 0.70 0.60 0.72 0.55 0.82
1 0.75 0.89 0.31 0.35 0.0430 0.90 0.57 0.66 0.90 0.21 0.55
2 1.00 0.74 0.76 0.43 0.31 0.82 0.75 0.97 0.60 0.40 0.55
6 0.26 0.55 0.32 0.61 0.54 0.49 0.36 0.54 0.40 0.34 0.14

TxB2 inhibition (%) 1 0.90 0.79 0.0079 0.061 <0.001 0.66 0.38 0.13 0.32 0.0021 0.26
2 1.00 0.57 0.28 0.061 <0.001 0.77 0.46 0.66 0.18 0.0172 0.60
6 0.60 0.55 0.16 0.42 0.28 0.68 0.36 0.89 0.46 0.61 0.17

PGE2 (ng/mL) 0 0.48 1.00 0.17 0.85 0.17 0.93 0.51 0.43 0.76 0.47 0.50
1 <0.001 <0.001 <0.001 <0.001 <0.001 0.0011 <0.001 <0.001 <0.001 <0.001 0.96
2 0.024 <0.001 <0.001 <0.001 <0.001 0.0426 0.0015 0.0011 <0.001 <0.001 0.92
6 0.76 0.58 0.69 0.13 0.062 0.73 0.45 0.80 0.16 0.058 0.86

PGE2 inhibition (%) 1 0.012 <0.001 <0.001 <0.001 <0.001 0.0020 <0.001 <0.001 <0.001 <0.001 0.82
2 0.13 <0.001 0.0013 <0.001 <0.001 0.18 <0.001 0.0011 <0.001 <0.001 0.77
6 0.67 0.59 0.65 0.060 0.10 0.63 0.72 0.65 0.036 0.085 0.77

P values comparing robenacoxib with placebo and meloxicam, and meloxicam versus placebo, were determined by the Mann–Whitney U test. Significant differences
indicated by bold type.
In all cases of significance (p < 0.05), robenacoxib produced greater inhibition (of TxB2 or PGE2) than placebo or meloxicam.
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against both COX isoforms, whereas robenacoxib possessed high
potency for COX-2 but low potency for COX-1 inhibition.

4.2. Pharmacokinetic–pharmacodynamic study

The three parameters of any drug which characterise it pharma-
codynamically are efficacy (Imax), potency (IC50, IC80, IC95 etc.) and
slope (b) (Toutain and Lees, 2004; Lees et al., 2004b). Each is cru-
cially important for clinical use, but for differing reasons. Efficacy
is important to the clinician because it defines the maximum re-
sponse attainable. For most NSAIDs efficacy is probably very simi-
lar, so that provided dosages are sufficiently high there is likely to
be no difference in the degree of efficacy attained. Potency is of less
relevance to the clinician, but is crucial to the pharmaceutical com-
pany which is charged with setting a dosage level to achieve a
desirable degree of efficacy. Toxicity also becomes an issue if dos-
age is high relative to the safety margin. Slope determines sensitiv-
ity and is also potentially important in determining selectivity
between desirable therapeutic effects and toxic actions.

In the present investigation the blood Cmax for orally adminis-
tered robenacoxib at a dosage of 2 mg/kg was 1166 ng/mL
(3.56 lM). A Cmax value of 947 ng/mL (2.89 lM) was reported by
Jung et al. (2009) in normal dogs administered robenacoxib at a
lower dosage of 1 mg/kg in the fasted state. Comparing these val-
ues to the IC50 for COX-2 inhibition determined using Model 2
(0.079 lM), it may be noted that the Cmax values are 45 and 37
times greater, respectively. Relative to the IC50 for COX-2 inhibition
based on Model 1 (0.043 lM), they are 83 and 67 times greater,
respectively. In contrast, the corresponding multiples of IC50 for
COX-1 inhibition (10.77 lM) determined by method 2 were 0.33
and 0.27, respectively. Therefore, these in vitro data confirm that
the peak blood concentrations of robenacoxib achieved in vivo after
oral dosing with clinically recommended dosages (1–2 mg/kg) pro-
vide marked inhibition of COX-2 and minimal inhibition of COX-1,
so that the high selectivity demonstrated in vitro will also occur
in vivo.

Potency values may be used, in conjunction with plasma or
blood concentration–time data, to determine the magnitude and
time course of COX-1 and COX-2 inhibition provided by given dose
schedules of given products administered by a given route (Girau-
del et al., 2009a,b; King et al., 2009). Drug potency may also be
used, together with clearance and bioavailability, to establish a
dosage required to produce an average blood concentration pro-
viding a given level of COX-1 or COX-2 inhibition, based on the
equation.

Dose ¼ Cl � ICx
F

where x can have any value from 0% to 100% (Toutain and
Bousquet-Melou, 2004; Toutain and Lees, 2004).

Using the pharmacokinetic data derived by Jung et al. (2009) for
robenacoxib in the dog (clearance after intravenous dos-
ing = 0.81 L/kg/h, bioavailability after oral dosing = 0.84), the dos-
age of robenacoxib providing an average blood concentration for
24 h after a single dose equal to the in vitro determined IC50 value
(Model 2, 0.079 lM) is 0.60 mg/kg. Use of the IC80 to predict the
clinical dosage (Lees et al., 2004a; Warner et al., 1999) leads to a
suggested daily dosage of 1.6 mg/kg, which is close to the middle
of the oral dosage range of 1–2 mg/kg, which was independently
confirmed to be effective and well tolerated in clinical trials in dogs
(Novartis data on file).

Meloxicam, the positive control drug used in the ex vivo study,
produced slight but non-significant inhibition of TxB2 and exerted
no effect on PGE2 synthesis. The lack of effect on TxB2 is not sur-
prising, as meloxicam is generally regarded as a preferential inhib-
itor of COX-2 (Giraudel et al., 2005; Warner et al., 1999). On the

other hand, the failure of meloxicam to inhibit PGE2 was an unex-
pected finding for the same reason and also in light of the findings
of previous workers (Brideau et al., 2001). The lack of effect of
meloxicam in this study is not attributable to any deficiency in
the model, its validity being clearly confirmed by the significant
maximum inhibitory actions of robenacoxib on PGE2 of 79.1%,
84.5% and 84.2%, for dosages of 2, 4 and 8 mg/kg, respectively, indi-
cating that the 2 mg/kg dosage achieved near maximal attainable
inhibition.

The ex vivo data indicate a relatively short duration of action of
robenacoxib in the central compartment, as inhibition of PGE2 was
weak or absent at the 6 h sampling time. However, the duration of
clinical efficacy of robenacoxib is predicted to be significantly long-
er, as robenacoxib concentrates in and has a long residence time in
inflammatory exudate (King et al., 2009).

The present study in fasted, healthy male and female beagle
dogs demonstrated that orally administered robenacoxib was rap-
idly absorbed and eliminated; the median Tmax was 1 h and the
harmonic mean for terminal blood half-life ranged from 0.60 to
0.91 h. As a relatively sparse sampling protocol was used, derived
pharmacokinetic variables should not be regarded as precise, but
the sampling times were nevertheless sufficient to provide accept-
able approximations for all reported variables. Over the dosage
range 0.5–8.0 mg/kg, Cmax, AUC[0–6] and AUC[0–1] were not sig-
nificantly different when normalised for dosage. Therefore, these
pharmacokinetic variables increased in direct proportion to admin-
istered dosage of robenacoxib.
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