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The provision of appropriate and effective analgesia for 
research rodents is a constant challenge for veterinary care 
personnel.1,22,53,54 Several barriers exist that may hinder the 
administration of sufficient analgesia, including appropriate 
training for administering analgesics, the possibility for induc-
ing handling stress, interstrain and interindividual variability 
in response to and metabolism of a given analgesic substance, 
and the different levels of analgesic required after any one 
of the numerous procedures or experimental conditions that 
any given research mouse may undergo.14 Furthermore, little 
information is available in the literature regarding the phar-
macokinetics of commonly used NSAID in laboratory mice or 
after alternative routes of administration. Information regarding 
method of administration, dose ranges, and dosing intervals is 
often extrapolated from other species; however, the extent of 
interspecies variability is often unknown.

Carprofen is a NSAID that is derived from propionic acid 
and has antiinflammatory, antipyretic, and analgesic properties. 
The compound has a chiral center at the α-carbon position and 
exists as a racemic mixture composed of R (–) and S (+) enan-
tiomers,47 which is a complicating factor in pharmacokinetic 
investigations. In all species studied to date, the R enantiomer 
is less potent than is the S enantiomer, and there is minimal con-
version between enantiomers in vivo.26 As with other NSAID, 
the positive pharmacologic effects of carprofen arise through 
species-specific differential inhibition of cyclooxygenase (COX) 
isomers. The pharmacokinetics of carprofen have been evalu-
ated in several mammalian species, including rats,21,24 cows,10,27 
dogs,33 cats,48 sheep,7,56 horses,11,27,34,46 rabbits,18 and humans.47 

Most9,20,23,33,46,54 of these studies evaluated pharmacokinetic 
parameters after intravenous or subcutaneous administration; 
other studies33,47 evaluated the pharmacokinetics of carprofen 
after oral administration. Evidence regarding the relative COX2 
selectivity of carprofen is inconsistent throughout the litera-
ture,23 and in vitro studies have suggested that carprofen is a 
nonselective inhibitor of COX2 in horses but a selective COX2 
inhibitor in cats.3 These findings serve to further emphasize the 
potential for interspecies variability in the pharmacokinetics of 
carprofen and the need for species-specific dosage information.

Meloxicam is an enolic acid NSAID derivative that has 
antiinflammatory, analgesic, and antipyretic properties.13 
Its antiinflammatory action is achieved through preferential 
inhibition of COX2, which may contribute to reducing the gas-
trointestinal side effects that may be seen with other NSAID. 
Meloxicam has a long half-life in many species, thereby support-
ing once-daily administration and making the drug an attractive 
veterinary analgesic.13 The pharmacokinetics of meloxicam 
have been evaluated in several mammalian species, including 
rats,43 horses,45,52 cows,37 goats,20,44 sheep,44 pigs,15,16 dogs,4,36,58 
donkeys,28 chickens,2 humans,42 and some exotic and wild spe-
cies (for example, camels,55 iguanas,12 vultures38).

Both carprofen and meloxicam typically are administered 
to mice subcutaneously, but there are anecdotal reports of the 
provision of NSAID in the drinking water. This method of ad-
ministration is an attractive option, because it potentially could 
ensure that adequate and stable blood drug levels are achieved 
throughout a period of analgesic need and would remove the 
handling stress associated with subcutaneous injection or oral 
gavage.8,19,35 To date, no data have been published to support 
this route of administration for NSAID to mice. Before adopting 
this practice, it is important to determine whether meloxicam 
and carprofen are stable when diluted in water, whether rodents 
consume medicated water, and whether blood drug levels ob-
tained after this route of administration are comparable to those 
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Preparation of NSAID dosing solutions. An average mouse 
body weight for each treatment group was obtained the day 
prior to study initiation for each drug and administration 
method, and doses were based on average body weight. For 
groups dosed by water bottle, dose concentrations were based 
on the assumption that mice would consume 15 mL per 100 g 
body weight every 24 h.17 Bottles containing the NSAID in water 
were placed on cages at time 0; bottles containing untreated 
water were removed. The final solutions contained 0.13 mg/mL 
meloxicam or 0.067 mg/mL carprofen, with reverse-osmosis–
purified water as the diluent. For oral gavage studies, mice 
were gavaged by using a volume of 5 mL/kg and a 22-gauge 
stainless steel gavage needle. All solutions were prepared im-
mediately prior to administration. The final meloxicam solution 
was noted to have a mild, acrid odor, whereas the carprofen 
solution had no odor. Water consumption was calculated on a 
per-animal basis by subtracting the weight of the water bottle 
at the times of blood collection from the weight of the water 
bottle before drug administration. This value was then divided 
by the number of mice per cage.

Determination of plasma meloxicam levels. After blood 
collection, samples were placed on ice immediately and then 
centrifuged to separate plasma, which was frozen at −80 °C 
until further analysis. Meloxicam plasma concentrations were 
determined by HPLC. Briefly, samples were prepared by com-
bining 100 μL plasma, 10 μL of the internal standard solution 
(piroxicam, 10 μg/mL in methanol; Sigma-Aldrich, Oakville, 
Quebec. Canada), 10 μL 1 N HCl, and 1 mL diethyl ether. The 
mixture was vortexed and centrifuged, and the upper layer was 
collected and evaporated under a constant flow of nitrogen. The 
residue was reconstituted in 100 μL of the mobile phase, and 50 
μL was injected into the analytical column.

The Liquid Phase Separation and Assay Facility (Ontario 
Veterinary College, University of Guelph, Canada) analyzed the 
samples. A chromatograph (Waters Alliance 2695, Mississauga, 
Ontario, Canada) with a photodiode array detector (model 
2996, Waters) was connected to Empower 2 software (Waters) 
for data collection and processing. An analytical column (50 
mm × 4.6 mm; inner diameter, 2.5 μm; Sunfire C18, Waters, 
Wexford, Ireland) was connected to a guard column (4 mm × 
3.0 mm; Security Guard C18, Phenomenex, Torrance, CA), and 
isocratic chromatographic separation was conducted by using a 
mobile phase containing acetonitrile–water–acetic acid (60:40:1, 
v/v/v) at a flow rate of 1 mL/min.

Calibration curves were prepared by spiking 100 μL untreated 
(control) mouse plasma with 10 μL meloxicam (Sigma-Aldrich, 
Oakville, Ontario, Canada) to create working solutions (5, 10, 
25, 50, and 75 μg/mL) and 10 μL of piroxicam internal standard 
solution (10 μg/mL). The limit of detection was 0.25 μg/mL, 
on the basis of 3 times the signal-to-noise ratio at the time 
of analyte elution. The limit of quantitation for the assay was 
0.5 μg/mL.

Determination of plasma carprofen levels. Because of the 
expense and difficulty of acquiring enantiomer-specific data, 
we measured total plasma carprofen levels in this study. After 
blood collection, samples were placed on ice, blood was cen-
trifuged, and plasma was collected and frozen at −80 °C until 
further analysis. Prior to analysis, samples were prepared by 
extracting 0.1 mL plasma with 1 mL 1% ascorbic acid in 0.1 N 
HCl and 10 mL ethyl acetate. An aliquot (8 mL) of this extract 
was evaporated to dryness by using a nitrogen evaporator 
(N-Evap Analytical Evaporator, Organomation Association, 
Berlin, MA) set at 60 °C. The residue was redissolved in 0.2 mL 
of the internal standard solution, 1 μg/mL d3-carprofen in 50% 

of other methods of administration. The current study evaluated 
the stability of carprofen and meloxicam in water under vari-
ous environmental conditions and assessed the palatability and 
oral pharmacokinetics of both compounds when administered 
in the drinking water and by oral gavage. In addition, mice 
were evaluated for evidence of acute NSAID-related toxicity 
of gastrointestinal, hepatic, and renal tissues.

Materials and Methods
Animals. Male 6-wk-old C57BL/6J male mice (Mus musculus) 

were purchased from Charles River Laboratories (St Constant, 
Quebec, Canada). Mice weighed an average of 20.5 g (range, 
17.2 to 23.4 g) and were housed in groups of 4 in standard 
polycarbonate cages on corncob bedding (Teklad Corn Cob 
Bedding, Harlan Teklad, Madison, WI). Each cage contained 
a clear polycarbonate hut, a cotton nesting square, and small 
handful of crimped paper. Mice were acclimated to a reversed 
12:12-h light:dark cycle for 7 d prior to study initiation, and 
food (Teklad Global 14% Protein Rodent Maintenance Diet, 
Harlan Teklad) and tap water were provided ad libitum. Vendor 
health surveillance reports indicated that animals were free from 
mouse adenovirus, mouse hepatitis virus, mouse parvoviruses, 
mouse rotavirus, mouse norovirus, Theiler murine encephalo-
myelitis virus, Bordetella bronchiseptica, Citrobacter rodentium, 
Corynebacterium kutscheri, Mycoplasma pulmonis, Salmonella spp., 
Helicobacter spp., Klebsiella spp., Pasteurella spp., Staphylococcus 
aureus, and Streptococcus spp., ectoparasites, endoparasites, and 
enteric protozoa. The University of Guelph Animal Care Com-
mittee approved the animal use protocol, and the facility and 
procedures are in compliance with the Animals for Research 
Act of Ontario and the guidelines of the Canadian Council on 
Animal Care.6,39

Experimental design. We evaluated the stability of diluted 
injectable solutions of carprofen and meloxicam over a 7-d 
period. We used injectable solutions of both NSAID for this 
study because the low concentration of commercially avail-
able meloxicam suspensions was cost-prohibitive for use in the 
drinking water of large numbers of mice.

For the pharmacokinetic study, 176 mice (n = 4 per cage) 
were randomized into 1 of 4 treatment groups: 20 mg/kg mel-
oxicam by oral gavage, 20 mg/kg meloxicam by water bottle, 
10 mg/kg carprofen by oral gavage, or 10 mg/kg carprofen by 
water bottle. At 0, 5, 15, 30, and 60 min and 2, 4, 8, 12, 24, and 
36 h after administration, 4 mice were anesthetized by using 
isoflurane (Aerrane, Baxter, Mississauga, Ontario, Canada) in 
oxygen, and exsanguinated by cardiocentesis. Blood was col-
lected into EDTA- (carprofen) or heparin- (meloxicam) coated 
tubes (Sarstedt, St Leonard, Quebec, Canada).

Preparation of NSAID stability samples. To evaluate the stabil-
ity of meloxicam when diluted, 2.34 mL meloxicam (5 mg/mL; 
Metacam injectable, Boehringer Ingelheim, Burlington, Ontario, 
Canada) was added to 87.66 mL reverse-osmosis–purified water 
to yield a final solution concentration of 0.130 mg/mL. This solu-
tion was divided into 3 glass flasks, and one each was stored at 
ambient light, ambient dark, and 4 °C dark conditions. A 1-mL 
sample was collected from each flask daily for 7 d and frozen 
at −80 °C until further analysis.

For carprofen solutions, 0.12 mL carprofen (50 mg/mL; Ri-
madyl injectable, Pfizer Canada, St Laurent, Quebec, Canada) 
was added to 89.88 mL of reverse-osmosis–purified water to 
make a final solution concentration of 0.067 mg/mL. Solutions 
were stored and collected as described for meloxicam. Because 
of cost constraints, only samples from days 1, 3, and 7 after 
preparation were analyzed for carprofen concentration.
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°C conditions. Analyte concentrations of solutions on a given 
day did not differ according to the environmental conditions 
under which the solutions were held or between days 1 and 7. 
Meloxicam concentration did not differ by day. There was a sig-
nificant effect of day on carprofen concentration, which occurred 
between days 0 and 3 (P = 0.008) and days 0 and 7 (P = 0.004).

In general, mice consumed little or no meloxicam-treated 
drinking water over the 36-h test period (Figure 2). In contrast, 
mice readily consumed carprofen-treated drinking water over 
the 36-h study, drinking an average of 14.2 mL per 100 g body 
weight every 24 h (Figure 2). As expected, mice consumed more 
carprofen-treated drinking water during the dark phase (17.5 
mL per 100 g body weight every 24 h during 0 to 12 h and 24 to 
36 h) than during the light phase (7.7 mL per 100 g body weight 
every 24 h during 12 to 24 h). Furthermore, mice drank more 
carprofen-treated drinking water during the first dark phase 
(29.2 mL per 100 g body weight every 24 h) than during the 
second dark phase (5.7 mL per 100 g body weight every 24 h).

After a single oral dose of 20 mg/kg meloxicam by gavage, the 
peak plasma concentration of 16.7 ± 0.4 μg/mL was achieved at 
4 h after administration (Figure 3 A). After a single oral dose of 
10 mg/kg carprofen by gavage, the peak concentration of 20.3 ± 

methanol:water (v/v; Toronto Research Chemicals, Ontario, 
Canada).The mixture was vortexed and then filtered through 
a 0.22-μm HPLC filter (Millipore, Milford, MA) into a glass 
autosampler vial for analysis.

The extract was analyzed by using an HPLC system (Mi-
crom BioResources, Auburn, CA) coupled with a hybrid triple 
quadrupole–linear ion trap mass spectrometer (model 4000 Q 
TRAP, AB SciEx, Toronto, Ontario, Canada). The HPLC column 
was a 20 × 2 mm × 3 mm C18 column2 (Luna C18, Phenomenex), 
with a mobile phase containing 0.01 M ammonium acetate in 
0.1% formic acid in water (A solution) and 0.01M ammonium 
acetate in 0.1% formic acid in methanol (B solution) at a flow 
rate of 200 μL/min under a linear gradient of 50% B to 95% B 
over 7 min. The analysis for carprofen was completed by the 
California Animal Health and Food Safety Laboratory System 
Toxicology Laboratory (UC Davis School of Veterinary Medi-
cine, Davis, CA).

HPLC methods were validated prior to assay, and calibration 
curves were prepared by spiking 1 mL untreated (control) mouse 
serum with 50 μL of 10 μg/mL carprofen standard (Toronto 
Research Chemicals, ON) and analyzing by using the method 
described. The limits of quantitation for the assay were 0.50 
μg/mL and 1.3 μg/mL for drinking water and gavage samples, 
respectively.

Microscopic evaluation of tissues. After euthanasia by 
isoflurane–oxygen anesthesia and exsanguination, liver, lung, 
kidneys, stomach, and duodenum were removed from each ani-
mal and fixed in 10% buffered formalin. Tissues were trimmed, 
embedded in paraffin, sectioned, and stained routinely with 
hematoxylin and eosin for microscopic evaluation. Slides were 
evaluated without a priori knowledge of animal treatment.

Data analyses. Data are reported as mean ± SEM. One-way 
ANOVA was used to determine significant differences in drug 
concentration in water between the 3 tested environmental 
conditions and by sampling day. A significant effect of day 
was evaluated further by using individual Student t tests. For 
all statistical analyses, only significant results are reported, 
and the α level was set as a P value of less than 0.05. Statistical 
analyses were performed by using SPSS 13.0 software (SPSS, 
Chicago, IL).

Determinations of maximal plasma meloxicam and carpro-
fen concentrations and time to maximal concentration were 
determined by direct observation of data. Pharmacokinetic 
parameters (plasma AUC; elimination rate constant; elimination 
half-life; apparent volume of distribution; and apparent oral 
clearance) were determined by using noncompartmental analy-
ses. The AUC was calculated by using the trapezoidal rule and 
was extrapolated to infinity. The elimination rate constant was 
calculated by determining the rate of change (elimination) of the 
logarithmic linear regression of the plasma concentration–time 
curve. The elimination half-life was calculated by dividing 0.693 
by the elimination constant. Apparent volume of distribution 
was calculated by dividing the dose of drug administered by the 
product of the elimination constant and the AUC. Note that the 
apparent volume of distribution is estimated as the volume of 
distribution divided by the bioavailability factor (from 0 to 1), 
because the exact amount of drug that enters the systemic cir-
culation after oral administration is unknown.51 Apparent oral 
clearance was calculated by dividing the dose by the AUC.

Results
Both injectable meloxicam (Figure 1 A) and carprofen (Figure 

1 B) were stable for 7 d when diluted in reversed-osmosis–puri-
fied water and held under ambient light, ambient dark, and 4 

Figure 1. Stability of injectable (A) meloxicam (0.013 mg/mL) and (B) 
carprofen (0.067 mg/mL) solutions diluted in reverse-osmosis–puri-
fied water and held in ambient light, ambient dark, and refrigerated 
dark (4 °C) environmental conditions for 7 d. Both NSAID were stable 
under all conditions tested for 7 d.
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levels are not sustained, and repeated injections are required to 
provide adequate analgesia for many surgical procedures, as 
demonstrated in a recent study in which mice exhibited signs 
of pain for 24 to 36 h after laparotomy.30 Repeated handling 
is stressful to mice;8,19,35 therefore, methods that minimize 
handling yet ensure adequate analgesic coverage represent a 
refinement in the care of these animals.

The current study evaluated total plasma levels of carprofen, 
and as such, comments about the pharmacokinetic parameters 
obtained are somewhat limited. The comparative potency and 
metabolism of the R- and S- enantiomers of carprofen have not 
been reported for mice, and enantiomer concentrations were 
not evaluated in the current study. Within a given species, the 
ratio of the enantiomers is constant, but whether enantiomer 
shifting occurs when carprofen is diluted in aqueous solutions 
is unknown.29 Meloxicam and carprofen appear to have similar 
pharmacokinetics in mice, and on the basis of the total clear-
ance rate, carprofen has a low to moderate blood clearance rate, 
indicating that it is a suitable candidate for oral administration 
in this species.49 The rapid time to peak plasma concentration 
and modest half-life of carprofen in mice suggest that a dos-
ing interval more frequent than once daily may be needed to 

2.4 μg/mL was reached at 2 h after administration, whereas the 
peak plasma concentration of 17.0 ± 2.9 μg/mL was achieved 
after 12 h of exposure to the carprofen-medicated water bottle 
(Figure 3 B). For both NSAID, plasma concentrations after oral 
gavage rapidly declined to near undetectable levels (meloxicam, 
1.3 ± 0.3 μg/mL; carprofen, 0 μg/mL) at 24 h after administra-
tion. The plasma carprofen concentration continued to increase 
with continued exposure to the medicated water bottle. Table 1
 provides the pharmacokinetic parameters for meloxicam and 
carprofen after oral gavage.

The half-lives of both compounds were similar, the appar-
ent volume of distribution of carprofen was slightly greater 
compared with that obtained for meloxicam (Table 1), and the 
clearance of carprofen was half that of meloxicam. Bioavail-
ability issues are unlikely to have influenced clearance and 
volume of distribution, because both compounds are almost 
100% bioavailable in mice (meloxicam) and in other species 
(carprofen) after oral dosing.5,50,51

There were no gross or microscopic changes indicative of 
NSAID-related toxicity in any tissue examined.

Discussion
We have demonstrated that mice will readily consume 

carprofen-treated drinking water and that the maximal plasma 
concentration of 10-mg/kg doses at 2 h after gavage and at 12 
h after the addition of treated water bottles to cages are similar, 
although the plasma levels of carprofen are much more sus-
tained when administered in the drinking water than by oral 
gavage. Dilutions of carprofen in water are stable for at least 7 
d in the light or dark at room temperature, suggesting that this 
administration technique could readily be used in a vivarium 
as a replacement for individual dosing. Furthermore, despite 
similar stability findings for both drugs, mice did not consume 
injectable meloxicam when it was diluted in water. We did not 
evaluate whether mice would consume the oral suspension of 
meloxicam when diluted in water because this route would be 
cost-prohibitive for providing analgesia to large numbers of 
mice on a study and because the commercially available oral 
suspensions are too dilute to reach effective concentrations when 
administered in the drinking water. Meloxicam is clearly an 
effective analgesic compound when parenterally administered 
to mice postoperatively.14,25,41,57 However, meloxicam plasma 

Figure 2. Consumption of NSAID in water over 36 h. Mice readily 
consumed carprofen in water but refused to drink meloxicam in water. 
Mice drank an average of 14.1 mL carprofen solution per 100 g body 
weight in 24 h. Mice consumed more water during the dark phase (0 to 
12 h and 24 to 36 h in this study) than during the light phase.

Figure 3. Plasma drug concentrations after a single oral dose (gavage) 
or after constant dosing through the drinking of water containing (A) 
meloxicam (20 mg/kg) and (B) carprofen (10 mg/kg). After 12 h of 
exposure to the aqueous carprofen solution, mice achieved compara-
ble plasma carprofen levels to those obtained after oral gavage. Levels 
were sustained after administration in the drinking water.
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painful procedures, such as ear notching. Whether female mice 
or mice of different strains or ages consume the medicated water 
at a similar rate to that of the male mice in the current study or 
whether carprofen levels in the milk are similar to plasma levels 
are unknown. Additional studies are required to investigate 
whether carprofen-treated water is more palatable to mice than 
is nonmedicated water and whether mice of different strains or 
sex consume carprofen-treated water at similar rates.

The oral pharmacokinetics of meloxicam (10 mg/kg) in male 
and female mice have previously been investigated.5 Peak plasma 
concentrations of 18.1 and 20.7 mg-eq/L were achieved at 0.7 and 
0.6 h after administration for male and female mice, respectively. 
Our study achieved a similar peak plasma concentration; how-
ever, the time to peak plasma concentration was approximately 
3 times that seen previously.5 Unlike the mice in the previous 
study, our mice were not fasted prior to dosing, and this variation 
may account for much of the difference in time to peak plasma 
concentration. As expected, the AUC in the current study was 
much larger, given that our dose was twice that used in the earlier 
study.5 Importantly, the previous study demonstrated good (94%) 
oral bioavailability of the drug, indicating that the apparent clear-
ance and volume of distribution values obtained in the current 
study likely are very close to the actual values.

We evaluated the pharmacokinetics of meloxicam and car-
profen after oral dosing. However, the clinical efficacy of the 
drugs given at these doses and by this route of administration 
has not yet been assessed. This information gap warrants fur-
ther study.

In summary, both meloxicam and carprofen are stable in 
aqueous solutions when held for 7 d in dark, light, and cold 
environmental conditions. Single doses of meloxicam or car-
profen in mice are cleared relatively rapidly and likely require 
greater than once-daily dosing to maintain therapeutic blood 
drug levels. Drinking water containing carprofen (10 mg/kg) 
is palatable to mice, whereas aqueous solutions of injectable 
meloxicam (20 mg/kg) are highly unpalatable. To achieve peak 
blood drug levels similar to those obtained after oral gavage, 
carprofen-containing water bottles should be placed on mouse 
cages at least 12 h prior to painful procedures.
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