
254

Journal of the American Association for Laboratory Animal Science	 Vol 62, No 3
Copyright 2023	 May 2023
by the American Association for Laboratory Animal Science	 Pages 254–259

Measurement of Cyclooxygenase Products 
in Plasma as Markers for Inhibition of 

Cyclooxygenase Isoforms by Oral Meloxicam in 
New Zealand White Rabbits  

(Oryctolagus cuniculus)
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Shawnee R Montgomery,3 and Tess A Rooney1,4

Pain management in rabbits is a challenging task that is complicated by the rabbit’s ability to hide signs of distress and 
the limited pharmacologic data available for this species. Pharmacokinetic data has shown that in rabbits, meloxicam, a 
nonsteroidal anti-inflammatory NSAID, reaches plasma concentrations that are known to provide analgesia in dogs and 
cats; these concentrations could theoretically alleviate pain in rabbits. However, the inhibitory effects of meloxicam on  
cyclooxygenase (COX) isoforms have not been studied in rabbits. In this study, we measured the products of COX-1 and 
COX-2 after the oral administration of a single 1 mg/kg dose of meloxicam to New Zealand White rabbits (n = 6). Blood sam-
ples were collected before drug administration (T0) and then at predetermined time points over 48 h. Plasma prostaglandin 
E2 (PGE2) and thromboxane (TxB2) concentrations were measured as surrogate markers for COX-1 and COX-2, respectively, 
by using commercial ELISA kits. After meloxicam administration, both TxB2 and PGE2 plasma concentrations fell signifi-
cantly below baseline, with maximal mean reductions to 80% and 60% of baseline at 8 h, respectively. The reduction in PGE2 
concentrations was followed by a significant increase that moved its mean plasma concentrations toward baseline between 
8 and 24 h. Adverse effects such as lethargy, inappetence, or changes in fecal production were not observed in any rabbits. 
In conclusion, meloxicam appeared to significantly inhibit both COX-1 and COX-2 with a time course similar to previously 
reported meloxicam plasma concentration–time profiles in rabbits. Our data suggest that a dosage of 1 mg/kg given orally 
could provide analgesia to rabbits, but a more frequent dosing interval than the currently recommended daily dosing may 
be required to maintain clinical efficacy.
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Introduction
Domestic rabbits (Oryctolagus cuniculus) require analgesia for 

indications that include experimental, elective, and therapeutic 
surgeries, trauma, dental disease, urinary tract conditions, and 
inner or middle ear disease.8,21,23,42 Secondary complications, 
such as gastrointestinal ileus, can occur if pain is not well con-
trolled.7 As prey species, rabbits tend to show limited signs of 
distress, and may not receive adequate pain management due to 
challenges in determining whether they are experiencing pain.2 
This situation is further complicated by a scarcity of pharmaco-
logic data for analgesic agents in rabbits as compared with other 
veterinary species. Consequently, rabbits that could benefit from 
analgesia may receive ineffective drugs, inadequate doses, or 

repeated dosing at incorrect intervals, resulting in inadequate 
pain control or possible adverse effects related to toxicity.

Nonsteroidal anti-inflammatory drugs (NSAIDs) are regu-
larly used in veterinary medicine to provide analgesia. NSAIDs 
act both centrally and peripherally to prevent the conversion 
of arachidonic acid to bioactive prostanoids through the in-
hibition of cyclooxygenase (COX) enzymes.17 At least 2 COX 
isoforms, COX-1 and COX-2, account for the therapeutic and 
toxic effects of NSAIDs. COX-1 enzymes catalyze the formation 
of constitutive eicosanoids, which mediate normal physiologic 
functions, such as gastrointestinal mucosal protection, renal 
homeostasis, and platelet activation.17,41 COX-2 enzymes are 
largely responsible for the formation of inducible proinflam-
matory prostaglandins in damaged tissues, promoting pain, 
swelling, and fever.17,41 While COX-1 and COX-2 enzymes share 
some activities, NSAIDs are simplistically considered to exert 
their therapeutic effects through COX-2 inhibition and their 
adverse effects, including gastrointestinal ulceration, acute renal 
failure, and delayed clotting times, through COX-1 inhibition.29 
However, COX isoform selectivity and the severity of side effects 
vary considerably depending on the specific drug used, its dos-
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age, and the species treated.26,32,35 For example, firocoxib, a U.S. 
FDA approved NSAID for control of pain and inflammation in 
dogs, is 384-fold more selective for canine COX-2 isoform than 
COX-1.31 Conversely, firocoxib pharmacodynamic data did not 
show significant COX-2 inhibition in rabbits, despite reaching 
the therapeutic plasma drug concentrations that have been 
reported for dogs.13 Safe and effective NSAID protocols should 
be based on published pharmacokinetic and pharmacodynamic 
data that help determine a therapeutic drug dosage with mini-
mal adverse effects in the species of interest.

Meloxicam is an NSAID that was designed to more specifi-
cally target COX-2 and to have less effect on the COX-1 pathway, 
thereby minimizing the undesirable effects associated with 
COX-1 inhibition in humans.10 Meloxicam’s efficacy in treating 
musculoskeletal and postoperative pain has been established 
in numerous veterinary species including dogs,30,37 cats,6,36 and 
horses.34,46 Meloxicam has demonstrated COX-1 sparing prop-
erties in many species,11,16,20 and therefore may have a lower 
occurrence of adverse effects, increasing its potential suitability 
for safety and repeat dosing.

The pharmacokinetic profile of meloxicam in rabbits has been 
reported previously for single and repeated oral administration at 
doses of 0.2 mg/kg,5 0.3 mg/kg,47 1 mg/kg,9,12 and 1.5 mg/kg.12 
Recent studies showed that a dosage of 1 mg/kg achieved plasma 
concentrations similar to the therapeutic concentrations deter-
mined for dogs and cats.9,10 Despite meloxicam being the most 
commonly used NSAID in rabbits in some countries,2,21 phar-
macodynamic studies evaluating meloxicam’s COX inhibition 
profile and clinical response in rabbits are limited,15,25 and indicate 
incomplete efficacy.25 NSAID pharmacodynamics can be viewed 
in terms of its principal action - COX inhibition - which reduces 
the production and availability of the eicosanoid (Thromboxane 
A2, PGE2), thereby promoting analgesic, anti-inflammatory, 
and antipyretic effects.27 Thromboxane A2 and its metabolite 
thromboxane B2 (TxB2) are synthesized through COX-1 activity, 
whereas prostaglandin E2 (PGE2) is synthesized at sites of tissue 
trauma through COX-2 activity.4 These COX products can provide 
indirect estimates of COX-1 and COX-2 activity. Integrating the 
data from pharmacokinetic and pharmacodynamic studies can 
allow the development of dosages and dosing intervals whose 
efficacy can be confirmed through clinical trials.

The objective of the current study was to measure the 
products of cyclooxygenase after administration of a single 
oral dose of meloxicam to New Zealand White rabbits, using 
plasma TxB2 and PGE2 as surrogate markers of COX-1 and 
COX-2 inhibition, respectively. We hypothesized that 1 mg/kg 
of meloxicam administered orally would significantly inhibit 
activity of COX-2 but not of COX-1 as indicated by a significant 
decrease in plasma concentrations of PGE2 but not of TxB2 after 
meloxicam administration.

Materials and Methods
All animal work was conducted at the Kansas State University 

(KSU), an AAALAC-accredited institution, and was reviewed 
and approved by KSU’s Institutional Animal Care and Use 
Committee (protocol number 4515). All work conducted in this 
study was compliant with the Animal Welfare Act and The Guide 
for the Care and Use of Laboratory Animals.1,19

Animals. A total of 6 clinically normal New Zealand White 
rabbits (Oryctolagus cuniculus), 3 male and 3 female, aged 6 mo 
with body weights between 2.8 to 3.3 kg, were enrolled in the 
study. A sample size of 6 rabbits had been previously determined 
to describe normal variability of a population.40 The rabbits were 
transferred from a previous noninvasive, pharmacokinetic study 

protocol after a 1-mo washout period prior to the start of the 
study. The rabbits were originally obtained from a commercial 
supplier (Charles River Laboratories, Saint Constant, Quebec, 
CA) and were reported to be SPF; excluded agents included 
Pasteurella spp., Salmonella spp., Treponema, Tyzzer’s disease, 
Encephalitozoon cuniculi, and rabbit hemorrhagic disease virus, 
among numerous others included in the VAF/Plus health pro-
file (Charles River Laboratories). Rabbits were housed under 
12:12-h light:dark cycles with the lights turned on at 07:00 and 
off at 19:00. Each rabbit was housed individually in an indoor 
exercise run measuring 7.8 × 0.9 × 1.8 m during the 12-h light 
cycle, and then housed individually in a stainless-steel cage  
for the remaining 12-h dark cycle. The room was temperature- 
(70 °F; 21 °C) and humidity (60%) controlled. Rabbits received 
a commercial timothy-based pelleted diet (Oxbow Essentials 
Adult Rabbit Food, Oxbow Enterprises, Omaha, NE), timothy 
hay (Oxbow western timothy hay, Oxbow Enterprises, Omaha, 
NE), and municipal tap water ad libitum in a water bottle. Rab-
bits were not fasted before or during the study.

Three weeks before the start of the study, blood was col-
lected from the lateral saphenous vein (1 mL) of each rabbit for 
measurement of complete blood cell counts and biochemistry. 
Three days before the start of the study, each rabbit underwent 
a physical examination and blood collection (0.3 mL) from the 
lateral saphenous vein for assessment of packed cell volume and 
total solids. All rabbits were determined to be clinically healthy 
and behaviorally normal. The rabbits were adopted out 1 to 2 
mo after completion of the study.

Drug administration and sample collection. One hour after the 
start of the light cycle, each rabbit was manually restrained in 
lateral recumbency and a single 1 mg/kg dose of oral meloxi-
cam suspension (Metacam, 1.5 mg/mL, Boehringer Ingelheim, 
Duluth, GA) was administered into the diastema of the oral 
cavity using a 3 mL syringe. Under manual restraint in lateral 
recumbency, a blood sample (1.0 mL) was collected from the 
lateral saphenous vein using 25-gauge needle and a 1-mL sy-
ringe immediately before drug administration (T0) and at 2, 4, 8, 
12, 24, and 48 h after drug administration. Blood samples were 
placed into lithium heparin microtainer tubes (BD Microtainer 
tube; Becton Dickinson and Company, Franklin Lakes, NJ) and 
stored on ice until further sample processing.

Animal monitoring. All rabbits were monitored before, during, 
and for one month after the study for signs of adverse effects, 
including subjective changes in mentation, activity level, food 
intake, fecal quantity, size, color, and consistency.

Plasma prostaglandin E2 and thromboxane B2 analysis. Plasma 
PGE2 and TxB2 concentrations were measured at each time point 
using methods previously described.13 Briefly, 1 mL of fresh whole 
blood was aliquoted from each lithium heparin tube and placed in 
separate microcentrifuge tubes (microfuge tube, Eppendorf AG, 
Hamburg, Germany) using a micropipette set to 1 mL. Each ali-
quot was spiked with 10 µL of 1-mg/mL lipopolysaccharide from 
Escherichia coli O111:B4 (Sigma L4391, Sigma-Aldrich, St. Louis, 
MO) and mixed thoroughly by using at least 3 to 5 inversions. 
Samples were incubated in a warm water bath at 37 °C. After 
24 h, samples were centrifuged for 12 min at 831 × g at 25°C.  
The plasma was harvested from each sample and stored in 
individual cryovials (CryoClear Cryogenic Vial 2.0 mL, Universal 
Medical, Oldsmar, FL) at −80 °C until the time of analysis.

For PGE2 analysis, plasma proteins were precipitated by mix-
ing 375 µL of plasma with 1.5 mL ethanol (1:5 dilution). Similarly, 
for TxB2 analysis, 375 µL of plasma was mixed with 1.5 mL of 
acetonitrile (1:5 dilution) to precipitate proteins. Samples  
were then centrifuged at 2,500 × g for 10 min at 25°C. Aliquots 
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of 500 µL of supernatant were transferred into glass tubes  
(13 × 100 mm) and evaporated down (CentriVap, Labconco 
Corp, Kansas City, MO) for analysis. The concentrations of 
plasma PGE2 and TxB2 were determined by use of commer-
cially available enzyme-linked immunosorbent assay (ELISA) 
kits (Prostaglandin E2 EIA Kit and Thromboxane B2 EIA Kit, 
Cayman Chemical Company, Ann Arbor, MI) according to the 
manufacturer’s directions. If the concentration of PGE2 or TxB2 
exceeded the upper limit of detection, 100 µL of sample was 
analyzed and the dilution factor was used for calculation of the 
actual concentration of PGE2 or TxB2.

Absorbance was measured at 420 nm. The intra-assay and 
interassay coefficients of variation for PGE2 were 13.0% and 
5.2%, respectively. The intra-assay and interassay coefficients 
of variation for TxB2 were15.6% and 7.8%, respectively.

Statistical analyses.  Repeated measures ANOVA with  
Greenhouse–Geisser correction and Tukey multiple com-
parisons post hoc analysis were performed to determine if the 
percent change in PGE2 and TBX2 differed between time points 
0, 2, 4, 8, 12, 24, and 48 h The percent change in concentrations of 
PGE2 and TBX2 were calculated from baseline as follows: (sample 
PGE2 or TBX2 – baseline PGE2 or TBX2)/baseline PGE2 or TBX2 × 
100. Statistical significance was set at P ≤ 0.05. Statistical testing 
was performed using GraphPad Prism version 9.3 (GraphPad 
Software, San Diego, CA).

Results
No obvious adverse effects were observed before, during, or 

after the study; all 6 rabbits appeared to remain clinically healthy.
Baseline values (pg/mL; mean ± SD) were 13,697 ± 7043 for 

TxB2 and 3018 ± 1291 for PGE2. Mean plasma TxB2 and PGE2 
concentrations fell to at least 50% below baseline in all rabbits 
after the administration of meloxicam (Figure 1). Mean TxB2 
concentrations were significantly below baseline (time 0) at  
4 h (P = 0.002, 95% CI: 30 to 86), 8 h (P = 0.0001, 95% CI: 55 to 98), 
and 12 h (P = 0.026, 95% CI: 8 to 96; Figure 1). The lowest TxB2 
concentration (approximately 80% below baseline) was meas-
ured at 8 h after drug administration. Mean PGE2 concentrations 
were significantly below baseline (time 0) at 4 h (P = 0.008, 95% 
CI: 19 to 93) and 8 h (P = 0.001, 95% CI: 38 to 87; Figure 1). The 

lowest PGE2 concentration (approximately 60% below baseline) 
was measured at 8 h after meloxicam administration. Relative 
to the nadir at 8 h, plasma concentrations of PGE2 subsequently 
increased significantly toward baseline between 8 and 24 h  
(P = 0.007, 95% CI: −80 to −18; Figure 1).

Discussion
The results of the current study indirectly demonstrate 

inhibition of both COX-1 and COX-2 enzyme activity after 
administration of a single, 1-mg/kg oral dose of meloxicam to 
rabbits. The mean percent reduction in TxB2 was similar to or 
even greater than the mean percent reduction in PGE2 at several 
time points, including at 8 h, when both TxB2 and PGE2 were 
maximally reduced. This finding may indicate that meloxicam 
is not selective for COX-1 or COX-2 inhibition in rabbits.

Selectivity of an NSAID is often expressed as a ratio of the 
IC50 concentration (that is, the concentration producing 50% 
inhibition of the enzyme) of COX-1 as compared with COX-2 
(that is, IC50 COX-1:COX-2). NSAIDs with ratios above 1 are 
considered ‘COX-2 selective,’ while drugs with ratios below 1 
are regarded as either ‘COX-2 preferential,’ ‘COX-1 sparing,’ or 
‘nonselective.’17 However, a consensus has not yet been reached 
with regard to the threshold ratios used to designate NSAID 
selectivity, and the classification of an NSAID remains some-
what subjective.17 Inhibition ratios determined by in vitro and 
in vivo testing demonstrate significant species differences in the 
selectivity of certain NSAIDs.4,26,27 Differences in ratios are also 
reported among studies that use the same species and different 
experimental methods. However, despite these discrepancies and 
indeterminate cut-offs points, meloxicam is generally considered 
to be COX-2 preferential in most species including humans 
(IC50 COX-1:COX-2 = 2.7),48 dogs (IC50 COX-1:COX-2 =  
7.3 or 10),4,22 horses (IC50 COX-1:COX-2 = 3.8),3,11 and cats (IC50  
COX-1:COX-2 = 2.7 or 3.05).14,44 Inhibition ratios could help 
further characterize meloxicam’s selectivity for COX isoform 
inhibition in rabbits, but were not determined as part of this study 
in that we did not measure meloxicam concentrations. Similar 
time points and the corresponding meloxicam concentrations 
would be needed to determine inhibition ratios using previously 
published pharmacokinetic data. Based on data from the present 
study, inhibition of COX-1 and COX-2 by meloxicam is highly 
similar in rabbits, suggesting that meloxicam is a nonselective 
NSAID in rabbits. Therefore, this finding supports differences 
in meloxicam’s selectivity across species and indicates that 
extrapolation of data among species should be discouraged. 
Further research is needed to determine inhibition ratios, COX 
selectivity, and the clinical response of meloxicam in rabbits.

The clinical implications of the significant COX-1 inhibition 
demonstrated in this study are uncertain. Theoretically, COX-1  
inhibition should be less than 10% to 20% of baseline and of 
short duration to minimize the potential for side effects.27,48 
While COX-2 selectivity does not completely eliminate the 
risk of adverse effects,24,28,45 COX-2 preferential drugs were 
developed to preserve certain COX-1 protective physiologic 
processes, such as platelet activation and gastrointestinal 
mucosal integrity.22,48 A previous study reported a 17% reduc-
tion in perioperative bleeding in people treated with a COX-2 
preferential NSAID (meloxicam) compared with a nonselective 
NSAID (indomethacin).49 Similarly, COX-2 preferential NSAIDs 
administered to dogs and horses induced a lower frequency or 
severity of gastrointestinal ulcers compared with nonselective 
NSAIDs.28,39 Potential side effects of meloxicam in rabbits could 
theoretically be similar to those seen with nonselective NSAIDs 
in other species. However, interspecies differences have also been 

Figure 1.  Mean ± SEM percent change in PGE2 and TXB2 concentra-
tion over time after oral administration of a single dose of meloxicam 
(1 mg/kg) to 6 New Zealand White rabbits (Oryctolagus cuniculus). 
Time of meloxicam administration was designated as time 0. Baseline 
values (pg/ml; mean ± SD) were 13,697 ± 7043 for TxB2 and 3018 ± 
1291 for PGE2. *, P ≤ 0.05; †, P ≤ 0.01; ‡, P ≤ 0.001; ×, P ≤ 0.0005.
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reported in the expression of COX isoforms in different tissues, 
thus perhaps contributing to differences in susceptibility to 
NSAID toxicity.38 In addition, the physiologic function of COX 
isoforms in rabbits may differ from other species.

Despite the significant inhibition of COX-1 activity found 
in this study, none of the rabbits exhibited signs suggestive of 
adverse NSAID effects (for example, lethargy, inappetence, or 
changes in fecal output, consistency, or color) after a single dose 
of meloxicam. This result is consistent with findings from previ-
ous studies evaluating the pharmacokinetics of oral meloxicam 
in rabbits.5,9,12,47 In general, rabbits appear to tolerate meloxicam 
well, with minimal side effects reported after repeat dosing. In 
one study, no biochemical or histologic necropsy abnormalities 
were noted after oral administration of meloxicam at 1 mg/kg 
once daily for 29 d.9 Gastric ulceration is a common postmortem 
finding in rabbits,18 but a causal relationship between NSAID 
use and gastrointestinal disease has not been demonstrated. 
To date, only a single case report has identified spontaneous 
gastric ulceration and duodenal perforation in a rabbit receiv-
ing long-term meloxicam.43 Ideally, further research concerning 
the normal distribution and physiology of COX-isoforms, along 
with studies investigating the potential relationship between 
NSAID use and gastrointestinal disease or renal dysfunction 
in rabbits, are warranted to determine the risk of side effects.

While the exact degree of COX-2 suppression necessary for 
clinical analgesia is not known, most NSAIDs used in people 
inhibit COX-2 by more than 50%.48 Compared with baseline, 
meloxicam significantly inhibited PGE2 synthesis in the rabbits 
of this study, with greater than 60% suppression achieved by 8 h. 
However, COX-2 suppression was relatively short-lived; PGE2 
concentrations had returned to 50% of baseline by 12 h and was 
only 10% below baseline at 24 h. The data from this study can 
be considered in conjunction with prior pharmacokinetic data 
to infer a potential dosing interval for meloxicam in rabbits. 
Two previous studies of the pharmacokinetics of 1 mg/kg oral 
meloxicam in rabbits reported Cmax values of 0.67 µg/mL9 and 
0.83 µg/mL,12 which are similar to therapeutic concentrations 
reported for dogs and cats.14,33 However, the effective dose of 
meloxicam for dogs and cats (0.2 to 0.3 mg/kg) was much lower 
than the dose administered to rabbits (1 mg/kg). Cmax values 
from the 2 previous studies were reached by 6.3 h9 and 6.5 h12, 
with reported half-lives of 7.2 h9 and 6.1 h12, respectively. 
These findings are consistent with the present study in that the 
maximal PGE2 suppression occurred at 8 h and was followed 
by a significant return of PGE2 concentrations toward baseline. 
Based on this finding, a dosing interval of less than 24 h may 
be necessary to maintain clinically effective levels of COX-2 
inhibition in rabbits.

Sample size is a limitation of the current study. Although 
COX-1 and COX-2 activity was inhibited in all 6 rabbits after 
the administration of meloxicam, a larger sample size may have 
better accounted for interindividual variability. In addition, we 
did not perform biochemical monitoring, endoscopy, and nec-
ropsy to confirm the absence of gastrointestinal tract ulceration 
or renal dysfunction. Although we did not measure food intake, 
fecal output, and activity levels during our study, each rabbit was 
monitored closely for subjective changes in appetite, stool pro-
duction, or physical activity before, during, and after the study. 
More objective monitoring of variables and specific diagnostic 
testing could better reveal possible adverse side effects related 
to meloxicam administration. Furthermore, while measurements 
of COX-related inhibition profiles are often used to infer NSAID 
dosages and dosing schedules, these profiles do not confirm a 
clinical response because the true percentage of PGE2 inhibition 

required to provide analgesia is not known.27 For this reason, 
COX inhibition studies should be followed by clinical response 
trials that evaluate markers for analgesia, antipyresis, and anti-
inflammatory activity relevant to clinical efficacy.

In conclusion, oral meloxicam administered at 1 mg/kg 
produced significant inhibition of both COX-1 and COX-2 
isoforms in rabbits. The inhibition of COX followed a time 
course predictable from previously reported meloxicam plasma 
concentration-time profiles, suggesting that an oral dose of  
1 mg/kg meloxicam has the potential to provide analgesia to 
rabbits; however a dosing interval of less than 24 h may be 
necessary to maintain clinical efficacy. Future studies should 
focus on collecting concurrent pharmacokinetic and clinical 
analgesic efficacy data for meloxicam at this recommended dose 
in rabbits, in addition to serum biochemistry and a COX-1 and 
COX-2 inhibition profile analysis.
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