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Simple Summary: Wildlife are negatively affected by human activities, and these encounters often
lead to traumatic injuries requiring treatment. Unfortunately, our understanding of analgesics for
injured wildlife is limited. The barred owl (Strix varia) is the most common raptor presented to
the Wildlife Hospital of Louisiana, and, to date, there are no studies evaluating analgesics for this
species. The purpose of this study was to measure the pharmacokinetic properties of two different
doses (1 and 2 mg/kg intramuscularly) of meloxicam in barred owls. Meloxicam was found to reach
subtherapeutic concentrations after 2–4 h. These results suggest standard twice-daily treatments may
be insufficient.

Abstract: Anthropogenic activities have negatively affected many birds, including owls. The Wildlife
Hospital of Louisiana (WHL) has seen a 3.2-fold increase in barred owl (Strix varia) cases over
the past eight years (2023, 134; 2015, 42). Because most of these animals present with traumatic
injuries, analgesics should be considered in their treatment plan. To date, no study has measured
the pharmacokinetics of an analgesic in barred owls. The goals of this study were to determine the
harmonic means, times to maximum concentration, and elimination half-lives for single 1 mg/kg
and 2 mg/kg intramuscular doses of meloxicam. Twelve barred owls (1 mg/kg, n = 6; 2 mg/kg,
n = 6) admitted to the WHL and determined to be clinically normal based on examination and blood
work were recruited for this study. Meloxicam was administered intramuscularly, and blood samples
were collected intermittently over 12 h to measure plasma concentrations using high-performance
liquid chromatography. Both doses had rapid elimination half-lives (1 mg/kg, 0.99 ± 0.1 h; 2 mg/kg,
1.07 ± 0.43 h) and were below the limits of quantification (0.1 µg/mL) by 6–12 h. Based on these
results, 1 and 2 mg/kg doses of meloxicam were found to produce plasma concentrations below
therapeutic concentrations for less than four hours, making current twice-daily recommended dosing
intervals unlikely to provide desired analgesia.

Keywords: Barred owls; Strix varia; avian; raptors; meloxicam; non-steroidal anti-inflammatory
drugs; analgesic; pharmacokinetics

1. Introduction

Avian species are commonly admitted to wildlife hospitals and rehabilitation cen-
ters [1], with the majority presenting for traumatic injuries such as fractures, wounds,
head trauma, and electrocution. Unfortunately, the injuries are usually caused by direct or
indirect anthropogenic activities such as gunshot wounds and collisions into cars, buildings,
windows, or power lines [1–10]. These injuries usually require treatment with analgesics
and anti-inflammatory medications to control pain and inflammation [11–13]; however,
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there is limited evidence-based research available characterizing the pharmacokinetic or
pharmacodynamic properties of these drugs for raptors.

Owls represent one group of raptors with a lack of evidence-based research on ther-
apeutics. To date, only four studies have measured the pharmacokinetics of different
analgesics in a species of owl, and all are limited to a single species (great horned owl,
Bubo virginianus) [14–17]. The Wildlife Hospital of Louisiana (Baton Rouge, LA, USA) has
had a 3.2-fold increase in barred owl (Strix varia) cases presented over the past eight years
(2023, 134; 2015, 42), with individuals of this species being most commonly presented for
traumatic injuries [3,5,8–10]. Unfortunately, there are no therapeutic studies available for
barred owls to guide analgesic treatment for these injuries. To properly care for these ani-
mals, more evidence-based research on therapeutics (e.g., analgesics) is needed to provide
these animals with “best care” practices.

Meloxicam is a COX-2 preferential inhibitor non-steroidal anti-inflammatory drug
with analgesic, anti-inflammatory, and antipyretic properties [18]. It has become a com-
monly used analgesic in wildlife medicine due to its availability and a handful of studies
demonstrating its relative safety, minimal side effects, and efficacy in controlling painful
stimuli in birds [19–24]. Recommended doses in birds range from 0.1 mg/kg up to
20 mg/kg subcutaneously (SC), per os (PO), or intramuscularly (IM) q6h to q24h [12,25].
There have only been a few studies on the pharmacokinetics of meloxicam in raptors,
including Cape Griffon vultures (Gyps coprotheres), red-tailed hawks (Buteo jamaicensis),
and great horned owls [14,21]. Wide species variability in plasma concentrations and
elimination rates of meloxicam were demonstrated in these birds, with red-tailed hawks
having the shortest elimination half-life and great horned owls having the highest plasma
concentrations compared to any other avian species [14]. These pharmacokinetic stud-
ies further demonstrate the importance of having species-specific studies, even within
assumed closely related species, to accurately dose patients.

The purpose of this study was to determine the harmonic means, times to maximum
concentration, and elimination half-lives for single intramuscular doses of 1 mg/kg and
2 mg/kg meloxicam in barred owls. We hypothesized that both doses would not cause any
adverse effects and provide appropriate plasma concentrations for at least 12 h but that
there would be significant differences in the pharmacokinetic properties between doses.

2. Materials and Methods

The study protocol (#21-014) was approved by the Institutional Animal Care and Use
Committee at Louisiana State University (Baton Rouge, LA, USA). Twelve adult barred
owls of unknown sex that presented to the Wildlife Hospital of Louisiana at Louisiana State
University, School of Veterinary Medicine, were used in this study. Body weights ranged
from 515–990 g. The birds were housed in rehabilitation mews (15.2 m × 3 m × 5.5 m)
constructed of wood slats (2.54 × 5.08 cm) and had a limestone gravel substrate. Perches
were constructed of treated lumber and covered with astroturf or rope; dead branches
harvested from the woods were also used as perches when available. The owls were
fed frozen/thawed mice equivalent to 10% of their body weight daily. During the study
(12 h-period), the birds were housed in a wall-mounted stainless-steel cage (71 × 55 × 71 cm)
with a newspaper and astroturf substrate and an astroturf-covered polyvinyl chloride
perch. Because the owls were fed at night, they were not offered food during the 12-hour
trial; however, they were offered their standard meal immediately after collecting their last
blood sample. A physical exam and complete blood count were performed to assess the
health of the birds. The following inclusion criteria had to be met to be included in this
study: a body weight > 500 g; a packed cell volume (PCV) > 30%; a complete white blood
cell count (WBC) < 25 × 103 cells/mL; no apparent infection; and a 2-week washout of any
medications given in hospital prior to the study.

Once admitted into the study, barred owls were randomly assigned into two groups
for the study using a random number generator (random.org): group 1 (n = 6), 1 mg/kg
meloxicam; group 2 (n = 6), 2 mg/kg meloxicam. Each bird was weighed the morning of
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the study and appropriately dosed with meloxicam (Ostilox, 5 mg/mL, VetOne, Boise, ID,
USA) intramuscularly into the right pectoralis major. One individual manually restrained
the bird’s head and talons while a second individual collected blood samples. A cotton ball
soaked with 70% isopropyl alcohol was used to part the feathers over the venipuncture site
(apterium) for disinfection and to visualize the jugular vein. Blood samples (0.5 mL) were
collected from the right or left jugular vein using a 26-gauge needle fastened to a 3-mL
syringe prior to meloxicam administration (baseline), and at 30 min, 45 min, 1 h, 2 h, 4 h,
6 h, and 12 h after administration. The total blood collected from each bird (4 mL) was
<1% of their body weight. Blood samples were immediately placed in lithium heparin
microtainers (Becton and Dickinson, Franklin Lakes, NJ, USA) and centrifuged at 13,528× g
for 3 min (LW Scientific Combo, Lawrenceville, GA, USA). The plasma was immediately
removed and stored at −80 ◦F until being analyzed. All samples were transported overnight
on ice to the North Carolina State University College of Veterinary Medicine Clinical
Pharmacology Lab (Raleigh, NC, USA) for analysis.

Plasma meloxicam concentrations were measured by high-pressure liquid chromatog-
raphy (HPLC). The instruments included a quaternary solvent delivery system, an ultravi-
olet (UV) detector, and a sample injector (1200 Series Agilent Technologies, Wilmington,
DE, USA). The peaks were monitored with the UV detector at a wavelength of 365 nm. A
4.6 × 150 mm reverse phase column was used to separate chromatographic peaks (Zorbax
SB-C8 Column, 4.6 × 150 mm, 5 µm, Agilent Technologies, Wilmington, DE, USA) at a flow
rate of 1 mL/min. The mobile phase was 60% acetonitrile and 40% distilled water with an
acidic pH modifier added.

Calibration, quality control (QC), and incurred plasma samples were all prepared in an
identical manner. The samples were extracted by pipetting the plasma sample into a micro-
centrifuge tube and adding acetonitrile in a 2:1 ratio (acetonitrile: plasma). After vertexing,
the tubes were centrifuged at 25,000× g for 5 min. The supernatant was collected and dried.
The dry residue was reconstituted with a mixture of 60/40 water/acetonitrile, vortexed,
and loaded into a Whatman™ syringeless filter device, pore size 0.2 µm. Twenty µL of
the sample was injected into the HPLC system. The chromatographic peaks were moni-
tored and integrated with Agilent OpenLab ChemStation software, version 2.8 (Agilent
Technologies, Wilmington, DE, USA).

Peak identification was confirmed by the lack of interfering peaks from endogenous
compounds in blank plasma samples with the same retention times as meloxicam. Quality
control and calibration standards were prepared by dissolving a pure analytical reference
standard of meloxicam sodium in pure methanol to a concentration of 1 mg/mL. Additional
dilutions were made with a water/acetonitrile mixture. Calibration curve and QC samples
were prepared by fortifying blank (control) banked barred owl plasma with meloxicam to
create seven nominal concentrations of meloxicam ranging from 0.05 to 10 µg/mL and a
blank. Fresh calibration curves were prepared for each run and accepted if the R2 value
was 0.99 or greater. The limit of quantification (LOQ) was 0.05 µg/mL based on the lowest
concentration on a linear calibration curve that met our acceptance criteria. Five blood
samples collected from barred owls not otherwise involved in the study were spiked with
meloxicam (10 µg/mL), centrifuged, and stored for 2 h, and meloxicam concentration was
measured to identify any interference from lithium heparin in the plasma separator tubes.

Pharmacokinetic analysis—Analysis of the concentration vs time plots and pharma-
cokinetic analysis were performed with with Phoenix® software (WinNonlin, Certara®, St.
Louis, MO, USA). Noncompartmental analysis was performed to obtain initial estimates.
Final results were obtained with compartmental analysis using the Phoenix® software.
A one-compartment model with first-order input was selected based on best-fit analysis,
examination of residual plots, and visual examination of the plots for both doses. Primary
parameters calculated included absorption (K01) and elimination rates (K10) and volume
of distribution per fraction absorbed (VD/F). Secondary parameters included the K01 and
K10 half-lives (T½), area under the curve (AUC), peak concentration (CMAX), time to peak



Animals 2024, 14, 3086 4 of 11

concentration (TMAX), and clearance per fraction absorbed (CL/F). VD/F and CLF were
not reported in the tables because F is not known.

The sample size for this pilot study (meloxicam: n = 12; 1 mg/kg group, n = 6;
2 mg/kg group, n = 6) was based on the following a priori assumptions: an alpha =0.05,
a power = 0.8, and differences in the expected mean and standard deviations of the peak
concentration (Cmax) of 7.5 µg/mL and 3.5 µg/mL between the 1 mg/kg and 2 mg/kg
doses, respectively. The Shapiro-Wilk test, skewness, kurtosis, and q-q plots were used to
evaluate the distributions of the continuous data. Normally distributed data are reported
by the mean, standard deviation (SD), and minimum-maximum (min-max) values, while
non-normally distributed data are reported by the medians, 25–75 percentiles (%), and min-
max values. Baseline PCV, TS, and WBC values between groups were compared using an
independent samples t-test. Independent samples t-tests were also used to determine if the
pharmacokinetic properties (AUC, CMAX, TMAX, T½, K01, K10) differed between the two
doses. Levene’s test was used to assess variance within the data. SPSS 25.0 (IBM Statistics,
Armonk, NY, USA) was used to analyze the data. A P < 0.05 was used to determine
statistical significance.

A search of the electronic medical records system used in the WHL (Wildlife Rehabil-
itation MD; The Wildlife Neighbors Database Project, Middletown, CA, USA) was done
to determine the number of barred owls presented to the WHL from 2020–2022. The
records were reviewed to determine the number of barred owls treated with meloxicam,
the duration of treatment, and the outcome associated with treatment. A chi-squared test
was used to determine if treatment with meloxicam was associated with a significantly
different outcome (released vs not released) from those birds not treated with meloxicam.
Necropsies of barred owls presented during the same time (2020–2022) that received 2
mg/kg meloxicam treatments were also reviewed to screen the birds for histopathological
lesions attributed to meloxicam toxicity.

3. Results

All birds recruited for the study were found to be in good general health based on their
physical examination findings and hematologic values being within published reference in-
tervals for the species (Table 1) [26,27]. Two owls did have underlying issues that prevented
their release (e.g., permanent leg injury and retinal disease) but had normal mentation,
appetite, and defecation/micturition events. There were no significant differences in the
PCV (t = −0.449, p = 0.663), TS (t = −0.995, p = 0.377), or WBC counts (t = −1.2, p = 0.258)
between the owls receiving the 1- and 2 mg/kg doses of meloxicam. No adverse clinical
side effects were observed during the trial or the birds’ hospitalization following the single
injections of either 1 mg/kg or 2 mg/kg dose of meloxicam. Of the 12 birds involved in
the study, 10 were released, one was euthanized for a chronic injury that would not allow
release, and one was kept as a resident bird for education programs due to a chronic visual
deficit (Table 1).

Plasma concentration-time curves were generated for 4 and 6 of the barred owls
receiving the 1 mg/kg and 2 mg/kg doses of meloxicam, respectively. Two owls could
not be analyzed from the 1 mg/kg data because their initial high concentrations were
considered outliers due to a potential issue of sample contamination at the later sampling
periods. (Figure 1) The samples in question for barred owls #663 and #664 were 2.3–5.1
and 2.7–5.8; 2.5–25.9 and 2.7–27.2; and 17.9–107.7 and 14.7–88 times higher than samples
for the other owls at the 4, 6, and 12 h sampling periods, respectively (Table S1). A one-
compartment model best described the pharmacokinetic properties for the 1 mg/kg and
2 mg/kg intramuscular doses of meloxicam in barred owls.

There were significant differences in the AUC (t = −2.8, p = 0.015), Cmax (t = −2.4,
p = 0.017), absorption rate half-life (K011/2) (t = −2.1, p = 0.032), and time to peak concen-
tration (Tmax) (t = −2.5, p = 0.016) between the two dosing groups (Table 2). There were
no significant differences in the absorption rate (K01; t = −1.6, p = 0.07), elimination rate
(K10; t = −0.8, p = 0.215), or elimination rate half-life (K101/2; t = −0.4, p = 0.3550) between
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groups. Barred owls given the 2 mg/kg dose had an AUC, Cmax, K101/2, and Tmax that
were 2.7,1.9, 4, and 2.2 times higher than the birds receiving the 1 mg/kg dose, respectively.
Plasma concentrations were below the limits of quantification (0.1 µg/mL) by 12 h in most
birds in both the 1 mg/kg and 2 mg/kg doses (Figure 1, Table 2).

Table 1. Hematologic values and outcomes of barred owls given meloxicam at 1 mg/kg (n = 6) or 2
mg/kg (n = 6) intramuscularly.

Barred Owl Meloxicam
Dose

PCV
(%)

TS
(g/dL)

WBC
(cells/µL) Outcome

21–615 1 mg/kg 36 5.1 19,000 Released
21–126 1 mg/kg 33 4.9 25,000 Released
21–664 1 mg/kg 44 5.4 16,000 Released
21–663 1 mg/kg 38 4.6 8500 Released
21–747 1 mg/kg 45 5 19,000 Released
21–968 1 mg/kg 34 6.1 7000 Released
21–273 2 mg/kg 39 5.8 23,000 Euthanized; chronic leg injury
21–571 2 mg/kg 36 6.1 21,000 Released
21–529 2 mg/kg 47 5.7 18,000 Resident; Chronic visual deficit
21–495 2 mg/kg 37 5.6 20,000 Released
21–771 2 mg/kg 34 4.1 16,000 Released
21–980 2 mg/kg 45 5.8 18,000 Released
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Figure 1. Linear plot of plasma concentrations (µg/mL ± SD) over time (0–12 h) after single
intramuscular injection of 1 mg/kg (n = 5) or 2 mg/kg (n = 6) meloxicam in barred owls.

From 2020–2022, 133 barred owls were presented to the LSU WHL. From this cohort,
46 (34.6%) were euthanized within 24 h, 9 (6.8%) died within 24 h, 12 (9%) died after
24 h, 17 (12.8%) were euthanized after 24 h, and 49 (36.8%) were released. Traumatic
injuries were diagnosed in 88% (117/133) of the animals, representing the majority of cases.
Other diagnoses included orphans (3%; 4/133), neurologic signs with no overt evidence
of trauma (3%; 4/133), emaciation (1.5%; 2/133), and idiopathic disease (4.5%; 6/133).
Seventy-six (57.1%, 76/133) barred owls from this cohort received treatment with 2 mg/kg
of meloxicam for varying durations (1–32 days). Forty-nine (64.4%, 49/76) birds from
this cohort were released, and 45 (91.8%, 45/49) received treatment with 2 mg/kg meloxi-
cam PO BID; 4 (8.2%, 4/49) released barred owls did not receive any meloxicam. Of the
84 (63.2%, 84/133) barred owls that either died or were euthanized, 31 (36.9%, 31/84)
received 2 mg/kg of meloxicam PO BID, and 53 (63.1%, 53/84) did not receive any meloxi-
cam. There was a significantly increased likelihood of birds being released if they were
dosed with 2 mg/kg meloxicam PO BID (X2 = 38.1, p < 0.00001). During this study period,
6 necropsies were performed on owls that died and had been treated with 2 mg/kg doses
of meloxicam PO BID for (range of treatment days with meloxicam: 3–26). None of the
birds were found to have gastrointestinal lesions associated with gastritis or ulceration on
gross or histologic evaluation. Four of the birds had evidence of mild to moderate visceral
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gout, and 1 had lipid vacuoles in hepatocytes. The specific renal histopathology reported
included the following lesions: mild mineral deposits within the tubules and focal area of
lymphocytes within the interstitium; distension of renal tubules with degenerate epithe-
lium and evidence of urate tophi; tubular dilation, degeneration, and necrosis associated
with intratubular urate crystals; multifocal replacement and effacement of tubules by urate
tophi; and necrosis and granulomatous lesions in the cortical parenchyma with myriad
colonies of rod-shaped bacteria.

Table 2. Pharmacokinetic properties of meloxicam in barred owls after a single intramuscular dose of 1-
or 2 mg/kg. Significant differences were noted between doses for the AUC, Cmax, K011/2, and Tmax.

Parameter Dose Mean SD Min–Max

AUC 1 mg/kg
2 mg/kg

17.14 a

39.5 a
5.2

18.5
12.9–26

20.8-60.7

Cmax 1 mg/kg
2 mg/kg

8.8 b

17.1 b
1.9
7.2

5.7–11
9.4-30.4

K01 1 mg/kg
2 mg/kg

13.7
6.5

5.4
8.3

6–20.5
1.2–23.3

K011/2
1 mg/kg
2 mg/kg

0.06 c

0.24 c
0.03
0.18

0.03–0.12
0.03–0.57

K10 1 mg/kg
2 mg/kg

0.6
0.75

0.13
0.32

0.47–0.78
0.4–1.22

K101/2
1 mg/kg
2 mg/kg

1.15
1.07

0.24
0.43

0.89–1.47
0.57–1.74

Tmax 1 mg/kg
2 mg/kg

0.26 d

0.57 d
0.08
0.26

0.18–0.39
0.16–0.83

a p = 0.015; b p = 0.017; c p = 0.032; d p = 0.016. Legend-AUC, area-under-the-curve; Cmax, peak concentration;
K01, absorption rate and corresponding half-life; K10, elimination rate and corresponding half-life; and Tmax,
time to peak concentration.

4. Discussion

The results of this study supported our first hypothesis that a single dose of meloxicam
at 1- and 2 mg/kg intramuscularly would not be associated with any adverse effects. All
12 birds were found to be unaffected by the trial, and the majority were released after
completing their treatments. The only bird that was euthanized following the study was
attributed to an injury that would not allow release, and there was (unfortunately) no
facility available to place the non-releasable barred owl. No histopathologic changes
associated with meloxicam toxicity were identified in this bird. Further, the results of our
retrospective cross-sectional study of the WHL barred owls found a significant association
between release and birds being treated with 2 mg/kg meloxicam PO BID. The authors
initially started treating barred owls at these doses based on the results of other species,
where doses of 0.5–1 mg/kg were found to be inadequate [14]. It was not until later that
the authors were able to pursue this pharmacokinetic study. Based on the results of the
retrospective data, the birds tolerated the meloxicam well, as a majority were released, and,
albeit limited to six animals, there were no obvious post-mortem lesions suggesting that
meloxicam at that dosing schedule was associated with acute toxicity. While the authors
did not evaluate the pharmacokinetics of 2 mg/kg PO meloxicam in the barred owls, based
on the results in great-horned owls using IV and PO dosing [14], it is likely that the drug
would have been similarly excreted and not available as desired for a twelve-hour dosing
schedule. The authors used the 2 mg/kg PO BID dosing strategy because our retrospective
results suggested we saw positive results based on the clinical responses of the barred owls,
but it is possible that all the supportive care provided to the birds was the reason for the
success. This should further reinforce why it is important to perform these pharmacokinetic
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studies, as well as pharmacodynamic studies that evaluate the birds’ responses to the drug.
Moreover, studies assessing barred owls’ responses to pain are needed.

The authors’ second hypothesis was also partially proved because there were signifi-
cant differences in the AUC, K011/2, Cmax, and Tmax between the two doses of meloxicam
in barred owls, with a 1.9–4 time increase in these parameters in the 2 mg/kg dosed birds
compared to the 1 mg/kg birds; there were no significant differences in the K01, K10, or
K101/2 parameters between groups. The plasma concentrations of meloxicam achieved
based on AUC and Cmax were proportional to the dose with approximately doubling of
these values for the 2× higher dose. Therefore, when the dose of meloxicam was doubled,
the concentration of meloxicam can be expected to double too, suggesting that there is no
saturation of the absorption process. There was no evidence of dose-dependent pharma-
cokinetics with similar elimination half-life, clearance, and volume of distribution between
doses. The second part of our first hypothesis was not accepted because absorption was
fast, reaching a peak (Tmax) within an hour, regardless of the dose, and the elimination
half-life was approximately one hour for both doses. This was similar to pharmacokinet-
ics for meloxicam in other raptor species (great horned owl, red-tailed hawk), where a
short elimination half-life and rapid Tmax were recorded following intravascular doses of
0.5 mg/kg (Table 3) [14,21]. Oral 0.5 mg/kg doses of meloxicam in great horned owls and
red-tailed hawks had longer elimination ½-lives but had a much lower Cmax in comparison
to the intravenous doses [14]. Based on the intramuscular doses used in this study, the authors
believe this would also be true for the barred owls. This suggests that higher oral doses of
meloxicam may be needed in these raptor species because of the lower bioavailability and
lower blood concentrations compared to intravenous and intramuscular doses.

Table 3. Pharmacokinetic properties of 1-and 2-mg/kg intramuscular doses of meloxicam in barred
owls from the current study and 0.5 mg/kg oral and intravenous doses of meloxicam in red-tailed
hawks and great horned owls [14].

RTHA PO
(0.5 mg/kg)

RTHA IV
(0.5 mg/kg)

GHOW PO
(0.5 mg/kg)

GHOW IV
(0.5 mg/kg)

BDOW IM
(1 mg/kg)

BDOW IM
(2 mg/kg)

Cmax (µg/mL) 0.182 0.53 0.368 3.77 9.05 17.13

Tmax (h) 0.73 0.27 7.8 0.25 0.26 0.57

AUC (h × µg/mL) 0.462 0.544 3.23 4.17 15.6 39.55

Elimination ½ life
(h) 3.97 0.49 5.07 0.78 0.99 1.07

Clearance
(mL/h/kg) 543 1675 175 154 64.5 61.7

Abbreviations: AUC, area-under-the-curve; Cmax, peak concentration; and Tmax, time to peak concentration.

Even with the increasing Cmax and AUC measured for the 1- to 2 mg/kg doses, the
elimination half-lives were only one hour for both doses and meloxicam plasma concen-
trations were <3.5 µg/mL after 1–2 h in the 1 mg/kg dosing group and between 2–4 h in
the 2 mg/kg dosing group. This may suggest that increasing doses could increase the time
and amount of meloxicam concentration in the blood but still makes it questionable if we
could give safe and adequate dosing intervals in this species. However, it is recognized that
plasma concentrations of NSAIDs do not predict therapeutic response. The tissue concen-
trations, which may persist much longer than in the plasma, are responsible for therapeutic
effects [28]. In mammals (dogs, cats, horses, people), meloxicam is administered once daily
regardless of the elimination half-life. Without more study, we cannot speculate on the clin-
ical effects of incrementally increased doses or more frequent intervals of administration in
birds. Adverse effects of meloxicam in mammals (dogs, cats) are dose-dependent, possibly
because meloxicam COX-2 selectivity is lost at higher concentrations. It is undetermined if
these dose-dependent effects occur in birds.

The results of this study confirmed that 1- and 2 mg/kg intramuscular doses of
meloxicam will not provide appropriate plasma concentrations in barred owls for 12 h.



Animals 2024, 14, 3086 8 of 11

Studies in other avian species have suggested that using these higher doses of 1–2 mg/kg of
meloxicam provides quantifiable effects of analgesia and appears to be safe [22,23]. Through
pharmacodynamic and pharmacokinetic studies of intramuscular meloxicam in Hispaniola
parrots (Amazona ventralis), an effective plasma concentration of 3.5 ± 2.2 µg/mL was
found to provide appropriate analgesia for experimentally induced arthritis [22,29]. In
comparison, there was a fast increase in meloxicam plasma concentrations in the barred
owls that subsequently dropped below 3.5 µg/mL after 1–2 h and 2–4 h in the 1 mg/kg
dose and 2 mg/kg dosing groups, respectively. These results suggest that these doses of
meloxicam in barred owls may have questionable efficacy for analgesia, at least for induced
arthritic disease, and that the dosing frequency would likely need to be more than twice
daily. However, as mentioned previously, dose frequency does not affect the efficacy of
meloxicam in mammals because it is administered once daily regardless of the half-life. This
occurs because it is the tissue concentrations, not the plasma concentrations, that determine
the efficacy of the NSAIDs [30]. It is not known if these principles also apply to birds.
Pharmacodynamic studies are ultimately needed to determine the analgesic properties of
meloxicam for barred owls. Moreover, studies determining the plasma concentrations of
meloxicam required for managing inflammation in these species are needed.

Meloxicam is generally considered a safe non-steroidal anti-inflammatory choice
due to its COX-2 preferential inhibition, with the most common adverse effects being
gastrointestinal distress and, less commonly, renal toxicity [18]. In avian species, studies
using variable doses (1–2 mg/kg) of meloxicam given once or twice daily for up to 15 days
did not cause clinical signs or lesions within the gastrointestinal or renal system [31–34]. In
a study evaluating the potential adverse effects of serial 5 mg/kg oral doses of meloxicam
in chickens (Gallus gallus domesticus), 64% (7/11) of birds developed significant lesions
on histopathology, including acute renal tubular injury and gout [35]. In another study
evaluating serial high oral doses of up to 20 mg/kg meloxicam in American kestrels (Falco
sparverius), the authors concluded that higher doses did not result in nephrotoxicity but
could have the potential to cause adverse gastrointestinal and hepatic effects. There was a
significant correlation between the degree of hepatocellular vacuolization and increasing
meloxicam dose, and, although not considered significant, 22% (2/9) of the birds receiving
20 mg/kg were observed to have gastric mucosal ulceration on necropsy [19]. Of the
historic barred owl cases at the Wildlife Hospital of Louisiana that received serial 2 mg/kg
doses of oral meloxicam and were necropsied, 67% (4/6) of the birds were found to have
evidence of visceral or renal gout but no signs of gastrointestinal or hepatic lesions. It was
not possible to determine whether the gout lesions were associated with other underlying
disease processes these birds were presented for or if they were related to the treatment
with meloxicam. Of these six birds, each was given subcutaneous fluids (maintenance rate
plus deficit of ≥100 mL/kg/day) for 2–7 days during hospitalization; the decision to stop
supplemental fluids was based on the birds eating without assistance. Five of these birds
received 2 mg/kg meloxicam doses PO BID for 3–7 days, and the sixth bird received the
same dose for 26 days. There were no adverse effects in any of the barred owls used in
the pharmacokinetic study; however, these birds only received a single dose of meloxicam.
Because only a single owl in the pharmacokinetic study was necropsied (chronic leg injury),
the direct adverse effects of a single dose of 1- or 2 mg/kg meloxicam on the gastrointestinal
tract, kidneys, and liver could not be fully evaluated. Future studies should assess the
potential risks for hepatotoxicity, nephrotoxicity, and gastrointestinal adverse effects when
using these doses and potentially higher doses of meloxicam in barred owls and other
avian species.

There were several limitations associated with this study that should be addressed.
The study had a limited sample size of six animals in each dosing group, and two birds
had to be removed from the pharmacokinetic analysis in the 1 mg/kg data due to potential
contamination. The samples for the two birds that were removed from the analysis were
retested, and the results were similar. Because these samples were 2.3–107.7 times higher
than the results obtained for the other four birds in the 1 mg/kg group and similarly higher
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than the concentrations achieved in the 2 mg/kg group, they were removed. It is possible
that there was a biological reason for these differences, such as CYP450 enzyme deficiency
relevant to meloxicam metabolism in owls; however, the birds were sampled from a similar
population, and it might be expected that this difference would have also been observed in
the other owls receiving 1 mg/kg meloxicam, as well as the birds in the 2 mg/kg dosing
group. Unfortunately, elaborating further on these potential sources for the unexpectedly
high concentrations was beyond the scope of this study but is worth investigating in the
future. While the sample size was limited, the authors did find that differences did exist
between the two doses (AUC, Cmax, K011/2, and Tmax.), confirming that widespread type
II errors were not present. Due to limited resources, we did not perform serum chemistries
to assess each bird’s liver (bile acids) and kidney function (calcium to phosphorus ratio, uric
acid) prior to and after the study. This could have potentially impacted pharmacokinetics;
however, we feel it was unlikely to impact our final results because all but two birds
were healthy enough to quality for release following the conclusion of the study, and the
two exceptions to this were unable to be released for reasons unrelated to the meloxicam
administration. A crossover study would have also been beneficial for comparing the
effects of each dose within barred owl to limit the variability of the results. This type of
study design would have been preferred and may have helped to explain the two outliers
in the 1 mg/kg dosing group. Ultimately, we decided against this because these birds
were being rehabilitated for release, and we did not want to delay this process. Finally, the
results from the cross-sectional study need to be interpreted with caution because there
was no control over the types of presentations, and patients received treatments based on
the individual clinician treating the case. A longitudinal cohort study would be a preferred
type of study to better assess the potential causative link between treatment (2 mg/g PO
BID) and release rates.

The results of this study and others continue to support that twice daily dosing of
meloxicam at the currently recommended doses in raptors is most likely inadequate and
that we would most likely need to increase the amount or frequency of dosing [14,21].
This would require future studies to evaluate the pharmacokinetics and safety of these
higher doses through different routes of administration. Other studies looking at different
formulations of meloxicam, such as the more recently compounded, sustained-release
meloxicam (ZooPharm, Windsor, CO, USA), may be beneficial, but initial studies in avian
species show questionable differences from the regular formulation [36,37]. Concurrent
pharmacodynamic studies would also be needed to further elucidate the clinical efficacy of
these doses in this species.

5. Conclusions

Meloxicam given intramuscularly to barred owls at 1- and 2 mg/kg doses was shown
to have a rapid elimination half-life and reach plasma concentrations considered to be
therapeutic in another avian species for only two to four hours. These results suggest that
the currently recommended dosing of 1–2 mg/kg meloxicam twice daily may be unlikely
to maintain the plasma concentrations anticipated to be therapeutic, and practical dosing
options are questionable for this non-steroidal anti-inflammatory medication in this raptor
species. Additional studies evaluating the pharmacokinetics and pharmacodynamics of
more frequent and possibly higher doses to assess the safety of meloxicam in barred owls
are needed.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/ani14213086/s1, Table S1: Data for barred owls exposed to [A] 1 mg/kg
and [B] 2 mg/kg meloxicam doses IM for a single treatment.

Author Contributions: Conceptualization, M.A.M. and Z.N.L.; methodology, M.A.M., Z.N.L. and
M.G.P.; software, M.A.M., Z.N.L. and M.G.P.; validation, M.A.M., Z.N.L. and M.G.P.; formal analysis,
M.A.M. and M.G.P.; investigation, Z.N.L., M.A.M., C.M., L.R., K.L.B. and J.P.; resources, M.A.M. and
Z.N.L.; data curation, Z.N.L., M.A.M., C.M., L.R., K.L.B. and J.P.; writing—original draft preparation,

https://www.mdpi.com/article/10.3390/ani14213086/s1
https://www.mdpi.com/article/10.3390/ani14213086/s1


Animals 2024, 14, 3086 10 of 11

Z.N.L. and M.A.M.; writing—review and editing, Z.N.L., C.M., L.R., K.L.B., J.P., M.A.M. and M.G.P.;
visualization, Z.N.L. and M.A.M.; supervision, Z.N.L. and M.A.M.; project administration, Z.N.L. and
M.A.M.; funding acquisition, Z.N.L. and M.A.M. All authors have read and agreed to the published
version of the manuscript.

Funding: This research was funded by Fluker Farms, Port Allen, LA, USA (pharmacokinetic analysis)
and Merck Merial Summer Scholar program.

Institutional Review Board Statement: The animal study protocol was approved by the Institutional
Animal Care and Use Committee of Louisiana State University (21-014, 10/10/23).

Informed Consent Statement: Not applicable.

Data Availability Statement: The individual study subject data can be acquired by contacting the
corresponding author.

Acknowledgments: The authors would like to thank the Raptor Co-Chairs at the Wildlife Hospital of
Louisiana for their assistance with the care of the barred owls.

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. Hanson, M.; Hollingshead, N.; Schuler, K.; Siemer, W.F.; Martin, P.; Bunting, E.M. Species, causes, and outcomes of wildlife

rehabilitation in New York State. PLoS ONE 2021, 16, e0257675. [CrossRef] [PubMed]
2. Fix, A.S.; Barrows, S.Z. Raptors rehabilitated in Iowa during 1986 and 1987: A retrospective study. J. Wildl. Dis. 1990, 26, 18–21.

[CrossRef] [PubMed]
3. Deem, S.L.; Terrell, S.P.; Forrester, D.J. A retrospective study of morbidity and mortality of raptors in Florida: 1988–1994. J. Zoo

Wildl. Med. 1998, 29, 160–164. [PubMed]
4. Schenk, A.N.; Souza, M.J. Major anthropogenic causes for and outcomes of wild animal presentation to a wildlife clinic in East

Tennessee, USA, 2000–2011. PLoS ONE 2014, 9, e93517. [CrossRef] [PubMed]
5. Wendell, M.D.; Sleeman, J.M.; Kratz, G. Retrospective study of morbidity and mortality of raptors admitted to Colorado State

University Veterinary Teaching Hospital during 1995 to 1998. J. Wildl. Dis. 2002, 38, 101–106. [CrossRef]
6. Komenou, A.T.; Georgopoulou, I.; Savvas, I.; Dessiris, A. A retrospective study of presentation, treatment, and outcome of

free-ranging raptors in Greece (1997–2000). J. Zoo Wildl. Med. 2005, 36, 222–228. [CrossRef]
7. Molina-López, R.A.; Casal, J.; Darwich, L. Causes of morbidity in wild raptor populations admitted at a wildlife rehabilitation

centre in Spain from 1995–2007: A long-term retrospective study. PLoS ONE 2011, 6, e24603. [CrossRef]
8. Work, T.M.; Hale, J. Causes of owl mortality in Hawaii, 1992 to 1994. J. Wildl. Dis. 1996, 32, 266–273. [CrossRef]
9. Cococcetta, C.; Coutant, T.; Collarile, T.; Vetere, A.; Di Ianni, F.; Huynh, M. Causes of Raptor Admission to the Wildlife

Rehabilitation Centre in Abruzzo (Central Italy) from 2005–2016. Animals 2022, 12, 1916. [CrossRef]
10. Gomez, E.A.; Prestridge, H.L.; Smith, J.A. Anthropogenic threats to owls: Insights from rehabilitation admittance data and

rodenticide screening in Texas. PLoS ONE 2023, 18, e0289228. [CrossRef]
11. Joseph, V. Raptor medicine: An approach to wild, falconry, and educational birds of prey. Vet. Clin. N. Am. Exot. Anim. Pract.

2006, 9, 321–345. [CrossRef] [PubMed]
12. Graham, J.E.; Heatley, J.J. Emergency care of raptors. Vet. Clin. N. Am. Exot. Anim. Pract. 2007, 10, 395–418. [CrossRef] [PubMed]
13. Cope, H.R.; McArthur, C.; Dickman, C.R.; Newsome, T.M.; Gray, R.; Herbert, C.A. A systematic review of factors affecting wildlife

survival during rehabilitation and release. PLoS ONE 2022, 17, e0265514. [CrossRef] [PubMed]
14. Lacasse, C.; Gamble, K.C.; Boothe, D.M. Pharmacokinetics of a single dose of intravenous and oral meloxicam in red-tailed hawks

(Buteo jamaicensis) and great horned owls (Bubo virginianus). J. Avian Med. Surg. 2013, 27, 204–210. [CrossRef] [PubMed]
15. Riggs, S.M.; Hawkins, M.G.; Craigmill, A.L.; Kass, P.H.; Stanley, S.D.; Taylor, I.T. Pharmacokinetics of butorphanol tartrate in

red-tailed hawks (Buteo jamaicensis) and great horned owls (Bubo virginianus). Am. J. Vet. Res. 2008, 69, 596–603. [CrossRef]
16. Yaw, T.J.; Zaffarano, B.A.; Gall, A.; Olds, J.E.; Wulf, L.; Papastavros, E.; Coetzee, J.F. Pharmacokinetic properties of a single

administration of oral gabapentin in the great horned owl (Bubo virginianus). J. Zoo Wildl. Med. 2015, 46, 547–552. [CrossRef]
17. Sosa-Higareda, M.; Sanchez-Migallon Guzman, D.; Knych, H.K.; Hawkins, M.G. High bioavailability, short half-life, and

metabolism into hydromorphone-3-glucuronide following single intramuscular and intravenous administration of hydromor-
phone hydrochloride to great horned owls (Bubo virginianus). Am. J. Vet. Res. 2023, 84, ajvr.22.12.0218. [CrossRef]

18. Papich, M.G. Papich Handbook of Veterinary Drugs, 5th ed.; Saunders/Elsevier: St Louis, MO, USA, 2021; pp. 565–569.
19. Summa, N.M.; Guzman, D.; Larrat, S.; Troncy, E.; Bird, D.M.; Lair, S.; Fitzgerald, G. Evaluation of High Dosages of Oral Meloxicam

in American Kestrels (Falco sparverius). J. Avian Med. Surg. 2017, 31, 108–116. [CrossRef]
20. Swan, G.; Naidoo, V.; Cuthbert, R.; Green, R.E.; Pain, D.J.; Swarup, D.; Prakash, V.; Taggart, M.; Bekker, L.; Das, D.; et al. Removing

the threat of diclofenac to critically endangered Asian vultures. PloS Biol. 2006, 4, e66. [CrossRef]
21. Naidoo, V.; Wolter, K.; Cromarty, A.D.; Bartels, P.; Bekker, L.; McGaw, L.; Taggart, M.A.; Cuthbert, R.; Swan, G.E. The pharmacoki-

netics of meloxicam in vultures. J. Vet. Pharmacol. Ther. 2008, 31, 128–134. [CrossRef]

https://doi.org/10.1371/journal.pone.0257675
https://www.ncbi.nlm.nih.gov/pubmed/34547048
https://doi.org/10.7589/0090-3558-26.1.18
https://www.ncbi.nlm.nih.gov/pubmed/2304198
https://www.ncbi.nlm.nih.gov/pubmed/9732030
https://doi.org/10.1371/journal.pone.0093517
https://www.ncbi.nlm.nih.gov/pubmed/24686490
https://doi.org/10.7589/0090-3558-38.1.101
https://doi.org/10.1638/04-061.1
https://doi.org/10.1371/journal.pone.0024603
https://doi.org/10.7589/0090-3558-32.2.266
https://doi.org/10.3390/ani12151916
https://doi.org/10.1371/journal.pone.0289228
https://doi.org/10.1016/j.cvex.2006.03.007
https://www.ncbi.nlm.nih.gov/pubmed/16759950
https://doi.org/10.1016/j.cvex.2007.01.003
https://www.ncbi.nlm.nih.gov/pubmed/17577557
https://doi.org/10.1371/journal.pone.0265514
https://www.ncbi.nlm.nih.gov/pubmed/35298527
https://doi.org/10.1647/2012-044
https://www.ncbi.nlm.nih.gov/pubmed/24344511
https://doi.org/10.2460/ajvr.69.5.596
https://doi.org/10.1638/2015-0018.1
https://doi.org/10.2460/ajvr.22.12.0218
https://doi.org/10.1647/2015-150
https://doi.org/10.1371/journal.pbio.0040066
https://doi.org/10.1111/j.1365-2885.2007.00923.x


Animals 2024, 14, 3086 11 of 11

22. Cole, G.A.; Paul-Murphy, J.; Krugner-Higby, L.; Klauer, J.M.; Medlin, S.E.; Keuler, N.S.; Sladky, K.K. Analgesic effects of
intramuscular administration of meloxicam in Hispaniolan parrots (Amazona ventralis) with experimentally induced arthritis. Am.
J. Vet. Res. 2009, 70, 1471–1476. [CrossRef] [PubMed]

23. Desmarchelier, M.; Troncy, E.; Fitzgerald, G.; Lair, S. Analgesic effects of meloxicam administration on postoperative orthopedic
pain in domestic pigeons (Columba livia). Am. J. Vet. Res. 2012, 73, 361–367. [CrossRef] [PubMed]

24. Cuthbert, R.; Parry-Jones, J.; Green, R.E.; Pain, D.J. NSAIDs and scavenging birds: Potential impacts beyond Asia’s critically
endangered vultures. Biol. Lett. 2007, 3, 90–93. [CrossRef] [PubMed]

25. Hawkins, M.G.; Guzman, D.; Beaufrere, H.; Lennox, A.M.; Carpenter, J.W. Birds. In Exotic Animal Formulary, 5th ed.; Carpenter,
J.W., Marion, C.J., Eds.; Elsevier Saunders: St Louis, MO, USA, 2018; pp. 238–239.

26. Smith, E.E.; Bush, M. Haematologic parameters on various species of Strigiformes and Falconiformes. J. Wildl. Dis. 1978, 14,
447–450. [CrossRef] [PubMed]

27. Black, P.A.; McRuer, D.L.; Horne, L.A. Hematologic parameters in raptor species in a rehabilitation setting before release. J. Avian
Med. Surg. 2011, 25, 192–198. [CrossRef]

28. Brune, K.; Patrignani, P. New insights into the use of currently available non-steroidal anti-inflammatory drugs. J. Pain Res. 2015,
20, 105–118. [CrossRef]

29. Molter, C.M.; Court, M.H.; Cole, G.A.; Gagnon, D.J.; Hazarika, S.; Paul-Murphy, J.R. Pharmacokinetics of meloxicam after
intravenous, intramuscular, and oral administration of a single dose to Hispaniolan Amazon parrots (Amazona ventralis). Am. J.
Vet. Res. 2013, 74, 375–380. [CrossRef]

30. Brune, K. Persistence of NSAIDs at effect sites and rapid disappearance from side-effect compartments contributes to tolerability.
Curr. Med. Res. Opin. 2007, 23, 2985–2995. [CrossRef]

31. Dijkstra, B.; Guzman, D.; Gustavsen, K.; Owens, S.D.; Hass, C.; Kass, P.H.; Paul-Murphy, J.R. Renal, gastrointestinal, and
hemostatic effects of oral administration of meloxicam to Hispaniolan Amazon parrots (Amazona ventralis). Am. J. Vet. Res. 2015,
76, 308–317. [CrossRef]

32. Montesinos, A.; Encinas, T.; Ardiaca, M.; Gilabert, J.A.; Bonvehí, C.; Orós, J. Pharmacokinetics of meloxicam during multiple oral
or intramuscular dose administration to African grey parrots (Psittacus erithacus). Am. J. Vet. Res. 2019, 80, 201–207. [CrossRef]

33. Sinclair, K.M.; Church, M.E.; Farver, T.B.; Lowenstine, L.J.; Owens, S.D.; Paul-Murphy, J. Effects of meloxicam on hematologic
and plasma biochemical analysis variables and results of histologic examination of tissue specimens of Japanese quail (Coturnix
japonica). Am. J. Vet. Res. 2012, 73, 1720–1727. [CrossRef] [PubMed]

34. Sitdhibutr, R.; Ploypan, R.; Subaneg, S.; Kasorndorkbua, C. Effects on hematology and blood biochemistry profile of intramuscular
meloxicam injection in Brahminy kite and Barn owl. J. Vet. Sci. 2023, 24, e43. [CrossRef] [PubMed]

35. Houck, E.L.; Petritz, O.A.; Chen, L.R.; Fletcher, O.J.; Thomson, A.E.; Flammer, K. Clinicopathologic, Gross Necropsy, and
Histopathologic Effects of High-Dose, Repeated Meloxicam Administration in Rhode Island Red Chickens (Gallus gallus domesti-
cus). J. Avian Med. Surg. 2022, 36, 128–139. [CrossRef] [PubMed]

36. Sim, R.R.; Cox, S.K. Pharmacokinetics of a sustained-release formulation of meloxicam after subcutaneous administration to
American Flamingos (Phoenicopterus ruber). J. Zoo Wildl. Med. 2018, 49, 839–843. [CrossRef]

37. Guzman, D.S.; Court, M.H.; Zhu, Z.; Summa, N.; Paul-Murphy, J.R. Pharmacokinetics of a Sustained-release Formulation of
Meloxicam After Subcutaneous Administration to Hispaniolan Amazon Parrots (Amazona ventralis). J. Avian Med. Surg. 2017, 31,
219–224. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.2460/ajvr.70.12.1471
https://www.ncbi.nlm.nih.gov/pubmed/19951118
https://doi.org/10.2460/ajvr.73.3.361
https://www.ncbi.nlm.nih.gov/pubmed/22369527
https://doi.org/10.1098/rsbl.2006.0554
https://www.ncbi.nlm.nih.gov/pubmed/17443974
https://doi.org/10.7589/0090-3558-14.4.447
https://www.ncbi.nlm.nih.gov/pubmed/739585
https://doi.org/10.1647/2010-024.1
https://doi.org/10.2147/JPR.S75160
https://doi.org/10.2460/ajvr.74.3.375
https://doi.org/10.1185/030079907X242584
https://doi.org/10.2460/ajvr.76.4.308
https://doi.org/10.2460/ajvr.80.2.201
https://doi.org/10.2460/ajvr.73.11.1720
https://www.ncbi.nlm.nih.gov/pubmed/23106456
https://doi.org/10.4142/jvs.23020
https://www.ncbi.nlm.nih.gov/pubmed/37271511
https://doi.org/10.1647/20-00070
https://www.ncbi.nlm.nih.gov/pubmed/35972865
https://doi.org/10.1638/2018-0081.1
https://doi.org/10.1647/2016-202

	Introduction 
	Materials and Methods 
	Results 
	Discussion 
	Conclusions 
	References

