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Abstract

The non-steroidal anti-inflammatory drug meloxicam is commonly used as
adjunct therapy for neonatal calf diarrhea to control pain and inflammation.
The objective of this study was to compare the pharmacokinetics of melox-
icam in diarrheic pre-ruminant dairy calves dosed either orally or subcuta-
neously. Twelve pre-ruminant male dairy calves with mild to moderate di-
arrhea were randomly assigned to receive one of four treatments (three per
group): subcutaneous meloxicam (SM, 0.5 mg/kg body weight); an oral bolus
meloxicam suspension (OM, 1 mg/kg body weight); an oral meloxicam sus-
pension added to a feeding of oral electrolytes (EM, 1 mg/kg body weight);
and an oral meloxicam suspension added to a feeding of milk replacer (MM,
1 mg/kg body weight). The predicted pharmacokinetic parameters for OM,
MM, EM, and SM groups were: half-life (56.8 + 21.7 vs. 136.0 + 26.6 vs. 85.2
+21.7vs.36.3+21.7h), Cmax (4.3+0.4vs.3.7+04vs.3.9+04vs.2.1+04
pug/mL), Tmax (13.3 £ 4.0 vs. 10.7 + 4.0 vs. 13.3 + 4.0 vs. 2.7 £ 4.0 h), and
AUC,.., (383.4 + 126.8 vs. 877.8 + 155.3 vs. 457.1 + 126.8 vs. 126.4 + 126.8 h *
pg/mL). Oral meloxicam, especially MM, had extended elimination phases
relative to SM. All meloxicam therapies provided effective therapeutic levels
but all oral therapies (1 mg/kg) provided longer durations of activity than in-
jectable meloxicam (0.5 mg/kg).
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1. Introduction

Diarrhea is one of the most prevalent disease challenges facing dairy calves, af-
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fecting 21% of animals and accounting for 56% of all deaths in the preweaning
period [1]. The major pathogens responsible for diarrhea in pre-weaned dairy
calves are rotavirus, coronavirus, E. coli, Salmonella, Clostridium perfringens,
and Cryptosporidium parvum [2]. Some pathogens, such as E. coli, trigger ente-
rocytes to secrete fluids into the intestine, while others (i.e. rotavirus, coronavi-
rus) cause damage to the intestinal villi causing malabsorptive diarrhea [2].
Clinically, calves with diarrhea have higher volumes of viscous feces and often
develop varying degrees of dehydration, acidosis, fever, and depression [3].
Treatment typically includes correction of hydration and acid-base balance with
oral or intravenous fluids [4], antimicrobial therapy to treat and prevent secondary
septicemia [5], and other ancillary treatments [6]. Calves with diarrhea also have
reduced levels of activity and feed intakes [7]. These behaviors are likely related
to the discomfort and inflammation associated with clinical diarrhea.

Meloxicam, a non-steroidal anti-inflammatory drug (NSAID) is a potent, se-
lective cyclooxygenase-2 inhibitor with antipyretic, anti-inflammatory, and
analgesic properties [8]. Meloxicam has been used to treat the pain and inflam-
mation associated with a variety of medical conditions and procedures in cattle,
including mastitis [9], dehorning [10], castration [11], abdominal surgery [12],
and lameness [13]. In calves with mild to moderate diarrhea, researchers found
that treating with a single dose of meloxicam parenterally resulted in improved
feed and water intakes, higher average daily gains in bodyweight pre-weaning,
and earlier weaning ages relative to untreated controls [14]. Researchers hy-
pothesized that the addition of meloxicam ameliorated abdominal pain and sys-
temic associated with diarrhea, reducing sickness behavior and improving appe-
tite in treated animals.

Pharmacokinetics of meloxicam following oral and intravenous routes of ad-
ministration has been well studied in healthy young and mature cattle [15] [16]
[17]. Despite this, to the authors’ knowledge, there is no peer-reviewed research
evaluating the pharmacokinetic properties of meloxicam in diarrheic animals,
specifically in milk-fed calves. Further, few studies have compared drug phar-
macokinetics when meloxicam is administered in differing manners in young
calves. Given the availability of oral meloxicam solutions (Meloxicam Oral Sus-
pension, 15 mg/ml, Solvet, Alberta, Canada), it is important to understand drug
pharmacokinetics when delivered using a variety of methods, namely subcuta-
neously, oral bolus, administration in oral electrolyte solution, and administra-
tion in milk replacer at feeding.

The objective of the current study was to compare the pharmacokinetics of
meloxicam in mild to moderate diarrheic milk-fed dairy calves dosed either

orally (oral bolus, in electrolytes, or in milk replacer) or subcutaneously.

2. Materials and Methods
2.1. Herd, Animals, Housing, and Feeding

The current study was carried out in accordance with the recommendations of
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the Guide to Care and Use of Farm Animals in Research, Teaching and Testing
set forth by the Canadian Council on Animal Care. The protocol was reviewed
and approved by the Alberta Agriculture Institutional Animal Care and Use
Committee (Airdrie, AB, Canada: AVL18006).

The study site was a commercial male calf rearing operation in Alberta, Can-
ada. The study was conducted in August 2018. The operation typically buys male
Holstein calves from surrounding dairy producers and assembles them at their
facility. On average, they feed 10,000 calves per year. Animal sizes range between
35 and 50 kg at arrival to the facility. Animals were housed in individual pens for
the first 8 weeks of life, then moved into group housing at weaning, where they
were then transitioned to solid feed.

Animals were fed 2.6 L of a commercial milk replacer (24% protein, 20% fat
with 0.5 mg decoquinate/kg body weight) twice daily until weaning. In addition,
all animals were provided ad lib water and solid calf starter during the
pre-weaning period. Progressively larger amounts of solid feed were provided to
calves in the pre-weaning period. Animals were weaned at 8 weeks of age when
they are consuming in excess of 1 kg of solid feed per head daily.

2.2. Case Definition

For this study, the calf was the experimental unit of concern. Fecal consistency
was scored on a 5-point scale, where score 1 = normal consistency (formed/solid); 2
= slightly loose but stays on top of bedding (yogurt-like); 3 = maple syrup-like; 4
= watery diarrhea with some fecal matter; 5 = severe watery diarrhea. Diarrhea
was classified as fecal scores > 2. Calf respiratory system was scored on a 5-point
scale, with 1 = normal respiration rate and effort; 2 = slight cough is present but
normal breathing; 3 = moderate cough with rapid breathing; 4 = severe cough
with rapid breathing; and 5 = severe cough with rapid, irregular breathing. Gen-
eral appearance of the calf was scored on a 4-point scale, with 1 = alert and ac-
tive; 2 = droopy ears and responsive; 3 = moderately unresponsive with both
head and ears drooping; 4 = unresponsive with head and ears drooping and un-
able to rise. A total clinical score was calculated by summing fecal, respiratory,
and appearance scores together, with a maximum score of 14 indicating a calf
exhibiting severe clinical signs due to diarrhea.

To be eligible for participation in the study, a pre-weaned animal with diarr-
hea (fecal score > 2) must have had a respiratory score < 2, an appearance score
< 3, and been able to consume their milk allotment. Animals that had previously
been treated with an NSAID compound, were depressed/dull/dehydrated on
physical examination, or had blood or fibrin in their feces were ineligible for

enrollment in the study.

2.3. Experimental Design

Calves at the facility were inspected daily for general health condition by trained
farm personnel. Weight was determined using a digital scale that had been tested

and approved by a licensed scale certification service within the 12 months prior
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to the study. Body weight was rounded to the nearest 1 kg. Calves that met the
case definition were randomly assigned one of 4 treatments: subcutaneous injec-
tion of meloxicam (SM, 0.5 mg/kg body weight; Metacam, Boehringer Ingelheim
Animal Health, Burlington, Ontario, Canada); oral bolus meloxicam (OM, 1
mg/kg body weight; Meloxicam Oral Suspension [MOS], Solvet, Calgary, Alber-
ta, Canada); MOS added to a feeding of oral electrolytes (EM, 1 mg/kg body
weight); and MOS added to a feeding of milk replacer (MM, 1 mg/kg body
weight). A total of 12 calves were enrolled (3 calves per treatment group). The
OM group were administered their calculated dose of meloxicam via oral sy-
ringe. For those treatments relying on the calf consuming meloxicam of their
own volition, research technicians were instructed to record the volume of elec-
trolyte solution or milk replacer not consumed by the calf. Final experimental
number was based on logistic and economic considerations.

Once eligibility was confirmed, all calves were weighed, and exams were per-
formed scoring feces, respiration, and general appearance. Fecal samples were
collected to identify the causative agents of diarrhea. An animal-side detection
system (Bovine Enterichek, Biovet Inc, Saint-Hyacinthe, Quebec, Canada) was
employed to identify the presence of rotavirus, coronavirus, E. coli K99, and/or
Cryptosporidium spp. in samples. Briefly, one level measuring spoonful of feces
was collected from each sample. It was then diluted in test reagent provided by
the manufacturer. The feces-reagent solution was then homogenized. Test strips
for each of the pathogens were submerged in the feces-reagent solution for 10
minutes, and then removed from the liquid. Two lines on the test strip indicated
presence of the specific pathogen, whereas one line confirmed its absence.

Blood samples were collected via jugular venipuncture into heparinized (green
top), EDTA-containing (purple top), and non-heparinized (red top) tubes. A
16G indwelling intravenous catheter was placed in the jugular vein and attached
to an extension set. Blood was collected at timepoints of 0, 1, 2, 4, 8, 12, 24, 48,
and 72 hours following meloxicam administration. Samples were centrifuged for
20 minutes at 200 x g in a temperature-controlled (approximately 5°C) centri-
fuge. Plasma samples were then transferred into prelabelled plastic vials and
stored at —20°C until they were submitted for analysis. Serum samples were sent
to the veterinary diagnostic laboratory for complete blood count and biochemi-
cal analysis. All farm personnel assessing animal condition and collecting sam-
ples were blinded to experimental treatment. The technician administering
treatments and the statistician were not blinded to experimental treatment allo-

cation.

2.4. Laboratory Analysis for Meloxicam in Plasma Samples

The diagnostic laboratory (Chinook Contract Research, Airdrie Alberta, Cana-
da) received the samples and they were rapidly transferred to frozen storage
(-20°C). Storage temperature was monitored by a NIST-certified tempera-

ture-recording device. Plasma samples were analyzed with a validated
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high-performance liquid chromatography (HPLC) (Agilent 1200 HPLC, Agilent,
CA, USA) procedure that was conducted using UV detection [18]. An internal
standard (piroxicam) was added to the untreated plasma sample. Standard con-
centrations used were 0.05, 0.1, 0.5, 1, 2, 3, 4, and 6 pug/mL respectively. Melox-
icam and the internal standard were then extracted from plasma by solid-phase
extraction (SPE). The SPE cartridges were connected to a vacuum manifold and
conditioned with 1 mL methanol followed by 1 mL of water. The samples were
passed through sorbents at a flow rate of less than 1 mL/min. The cartridges
were then rinsed with 1 mL of 5% methanol and dried under vacuum for 2 min.
Analytes were eluted with 1.5 mL of methanol. The eluent was then dried under
vacuum at 40°C for 2 h and the dried residue was reconstituted in 100 yL of mo-
bile phase. The reconstituted sample was vortexed for 15 s then centrifuged at
14,000 x g for 10 min to remove any particulate from the sample. Following
centrifugation, 10 pL of supernatant was injected into the HPLC system. HPLC
apparatus consisted of a pump system equipped with an automatic injector and
UV detector (360 nm). Separation was achieved using a reverse-phase column
(C18, 3 mm, 125 x 3.0 mm) and a guard column (C18, 10 x 30 mm). The mobile
phase consisted of a mixture of acetic acid: 1% methanol (40:60) at a flow rate of
0.4 mL/min. For these conditions, meloxicam and piroxicam were eluted at a re-
tention time of 7.8 and 5.4 min, respectively. Results for the method were linear
over the calibration range of 10 to 1250 ng/mL as determined by use of a
weighted linear regression model. Within-day and day-day precision were <10%.
Accuracy ranged from 96% to 99%. The validated limit of quantification (LOQ)
was 10 ng/mL.

2.5. Pharmacokinetic Analysis

Pharmacokinetic parameters were estimated for each animal using
non-compartmental analysis using PKSolver, a validated Microsoft Excel add-on
[19]. The maximum plasma concentration (Cmax) and time taken to reach
maximum concentration (Tmax) were determined directly from the data. The
area under the curve from 0 to last measurement (AUC,_,), AUC from 0 to infin-
ity (AUC,..., estimated with the linear fit of the natural log using the trapezoidal
rule), the meloxicam plasma half-life (T1/2), and elimination rate (ke) were sub-

sequently calculated for each calf.

2.6. Statistical Analysis

All data were transcribed into a comma-separated value file (Microsoft Excel,
Microsoft Corp., Redmond, Washington, USA). Subsequently, datasets were
imported into a statistical analysis software for further analysis (Stata IC 14, Sta-
taCorp, College Station, Texas, USA). Descriptive statistics were generated eva-
luating pharmacokinetic outcomes of interest, as well as calf-level demographics,
pathogens identified, and physiological parameters evaluated. Univariable linear

regression models were used to study variables of interest. A liberal P-value of
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<0.2 was employed to identify important variables to explore in subsequent mul-
tivariable modeling. Following univariable analysis, appropriate multivariable
regression models were constructed. When evaluating serum meloxicam as an
outcome, a repeated measures mixed linear regression model was employed us-
ing random effects to model sampling time within calf, using a first-order auto-
regressive covariance structure to account for within-subject correlation over
time. Model fit was assessed through the creation of standardized residuals. Re-
siduals were plotted against predicted outcomes, and homogeneity of variance
was visually assessed. Normality was graphically assessed by producing a normal

Q-Q plot.

3. Results

A description of experimental calves stratified by treatment group is presented
in Table 1. Both calf weight and average days on feed did not differ between ex-
perimental groups. Rotavirus and Cryptosporidium parvum were the only pa-
thogens diagnosed in cases of diarrhea. Most calves had diarrhea scores < 3 and
total clinical scores < 4, and there were no differences between experimental

groups (P > 0.05).

Table 1. Descriptive statistics of clinical and demographic parameters for study calves.

Metric oMm! MM? EM3 SM* P-Value
Days on feed 10 (1.7) 9.7 (0.58) 9.7 (0.58) 9.3 (1.53) 0.9
Body Weight (kg) 44.1 (6.7) 39.8 (9.9) 41.9 (3.0) 42.8 (3.3) 0.8

Diarrhea Pathogens (%)

Crypto’ only 33 0 33 33
Rota® only 33 0 0 33 0.3
Crypto + Rota 33 100 66 33

Fecal Score

<3 3 3 2 2
0.5
>3 0 0 1 1
Respiration Score
1 3 3 3 3
>1 0 0 0 0
Appearance Score
<2 3 3 3 3
>2 0 0 0 0
Total Clinical Score
<4 2 1 1 2
0.7
>4 1 2 2 1

'OM = Oral meloxicam; MM = Meloxicam in milk; ’EM = Meloxicam in electrolytes; “SM = subcutaneous
meloxicam; *Cryptosporidium parvum; *Rotavirus.

DOI: 10.4236/0jvm.2020.103003

32 Open Journal of Veterinary Medicine


https://doi.org/10.4236/ojvm.2020.103003

D. Shock et al.

Plasma meloxicam concentration (pg/ml)
IS
W

After controlling for body weight at the onset of diarrhea, results of the mul-
tivariable, repeated measures model are presented in Figure 1. Plasma melox-
icam levels for the SM group of calves were significantly lower than all other
treatment groups starting at the 4th hour post-treatment and continuing for the
duration of the experiment (72 hours) (P < 0.05). Calves in the MM group had
significantly higher plasma meloxicam values than the OM and ME group at the
72-hour sample (Figure 1, P < 0.05).

After controlling for calf body weight, pharmacokinetic parameter estimates
are presented in Table 2. Reliable estimates could not be made for one calf in the
MM treatment group, as the plasma meloxicam levels remained constant
throughout the final 3 samples. The plasma half-life was significantly longer for
calves in the MM group relative to SM. Additionally, the maximal plasma con-

centration was approximately 2 ug/ml lower in the SM group relative to all other

Table 2. Multivariable model results comparing pharmacokinetic parameters between
experimental groups.

Predicted Means (SE)

Metric om! MM?2 EM? Sm*
Half-life® (h) 56.8% (21.7)** 136.0° (26.6) 85.2% (21.7) 36.3% (21.7)
Cmax® 4.3*(0.4) 3.7 (0.4) 3.9 (0.4) 2.1°(0.4)
Tmax’ 13.3% (4.0) 10.7% (4.0) 13.3% (4.0) 2.7%* (4.0)
AUG, 224.8* (12.6) 227.4% (12.7) 208.1° (12.4) 95.8° (12.4)
AUC,.." 383.4 (126.8) 877.8" (155.3) 457.1% (126.8) 126.4* (126.8)

!OM = Oral meloxicam; 2MM = Meloxicam in milk; *EM = Meloxicam in electrolytes; 4SM = subcutaneous
meloxicam; *Half-life in hours (h); *Maximum plasma concentration (ug/mL); "Time at maximum plasma
concentration (h); *Area under the curve from 0 to last time (h * pg/mL); Area under the curve from 0 to
infinity. **Values within rows with means of different superscripts are significantly different (p < 0.05).
*P-value = 0.10 (tendency), **Unable to estimate pharmacokinetic parameters for one calf in the MM
group. Note: body weight was a significant covariate in the Cmax and AUC, linear models.

Time of sampling (hours) post-treatment

Figure 1. Linear marginal predictions (+ standard error) of plasma meloxicam levels between meloxicam di-
rectly administered orally (- - - -), meloxicam administered in milk replacer (—), meloxicam administered in
electrolyte feedings (-- - - -), and meloxicam administered subcutaneously (---) in diarrheic study calves.
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groups. There was a tendency (P = 0.10) for SM calves to have lower Tmax val-
ues compared with all other groups. Finally, the AUC,, was lower in the SM
group when compared to the MM group.

4. Discussion

To the authors’ knowledge, this is the first study to evaluate the pharmacokinetic
properties of meloxicam in calves experiencing mild to moderate diarrhea. Pre-
vious research has found that diarrheic calves that received meloxicam started
eating solid feed sooner, were weaned earlier, and had a higher rate of weight
gain relative to calves treated with a placebo [14]. Very little pharmacokinetic
research has been conducted in sick animals, yet their physiological state may
alter drug metabolism relative to healthy animals [20]. This may not only affect
drug action; it could also impact drug residues and meat withdrawal times [21].
Given the increased use and availability of NSAIDs, it is important to under-
stand how these drugs behave in sick or compromised animals.

Most of the published pharmacological literature studying meloxicam has
been carried out in ruminating cattle. One study [17] looked at the pharmacoki-
netics of orally dosing older, weaned calves at 1 mg/kg of meloxicam in tabular
form (a SM group was also used). At the oral dose used in this study, animals in
the MM, OM, and EM groups had substantially higher values for AUC, Tmax,
and half-life relative to ruminant calves treated with oral meloxicam tablets [17].
When comparing the SM results from the current study to [17], SM calves dif-
fered in Cmax (2.1 vs 3.1 pg/ml) and Tmax (2.7 vs 11.6), but the AUC,_, (126.4
vs 164.4) and half-lives (36.3 vs 27.5 hr) were similar despite differing routes of
administration, stage of rumen development, and dosage levels.

Previous research has studied the effects of feeding oral meloxicam in milk
replacer to pre-ruminant calves [15]. It should be noted that [15] used an oral
meloxicam dose of 0.5 mg/kg body weight, versus the higher oral dose of 1
mg/kg used in the current study. Interestingly, the current study observed nu-
merically higher (though not statistically different) values for half-life and
AUC,.., when meloxicam was fed with milk versus oral gavage or electrolyte
feeding. Previous research observed an inverse relationship with AUC,_, and
half-life, with calves fed via gavage having significantly higher values for these
parameters [15]. Given dose differences between studies, it is unsurprising that
calves in the current study had substantially higher values for AUC (double to
triple), Cmax (double), and half-life (double) relative to [15]. However, the SM
group in the current study had similar pharmacokinetic values to that of the oral
gavage group in [15] for AUC (126.4 (h * pg/mL vs 151 h * ug/mL), half-life
(36.3 h vs 40 h), and Cmax (2.1 pg/mL vs 2.2 ug/mL).

There are several reasons why the pharmacokinetic values of orally dosed me-
loxicam in the present study may differ from previous research. First, the oral
dose used in the current study (1 mg/kg body weight, label dose for calves) was
twice that of previous research (0.5 mg/kg body weight). This renders the value
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of any direct comparisons tenable at best. Further, subjects in the current study
were experiencing a clinical episode of diarrhea, whereas previous studies
enrolled healthy test subjects for pharmacokinetic analysis [15]. Though based
on the initial biochemical analysis none of the animals in the current study were
severely dehydrated, moderate levels of dehydration associated with diarrhea
may have impaired kidney and liver function, ultimately prolonging systemic
meloxicam levels [22]. Furthermore, previous research included calves between
18 and 28 days of age, whereas calves in the current study were less than 2 weeks
of age. Finally, the oral meloxicam used in the current study was in liquid sus-
pension formulation compared with previous research that employed tabular
meloxicam. Relative to tablet formulations, liquid NSAIDs may offer faster ab-
sorption and earlier onset of action [23].

One important finding of this study is the prolonged elimination associated
with administering meloxicam in milk. Meloxicam is a hydrophobic molecule,
and when dosed orally in milk, meloxicam likely interacts with milk fat and pro-
tein components [24]. We hypothesize that these characteristics are therefore
likely to affect absorption and tissue distribution, leading to a prolonged elimi-
nation phase relative to other treatment groups (OM, EM, SM). Indeed, the
prolonged systemic meloxicam levels associated with oral administration should
be considered when treating dehydrated animals. NSAID drugs can lead to dele-
terious side-effects, including gastric ulceration and nephrotoxicity [25]. Dehy-
drated animals already have altered renal perfusion, and the addition of an
NSAID may lead to increased risk for renal damage [26]. Oral meloxicam has
been shown to be safe at 1.0 mg/kg body weight in safety studies conducted for
registration. The unique safety of the molecule can be attributed to the COX 2
properties, which protect animals from gastric, hepatic, and renal toxicities [8]
[15] [17] [25]. Practices such as avoiding meloxicam administration in milk, us-
ing parenteral dosage formulations, or avoiding treatment altogether may be ad-
visable for severely compromised animals. Although no adverse side-effects were
noted in study animals, veterinarians and producers should exercise caution
when administering any NSAID to compromised animals.

There are a few limitations that must be mentioned when interpreting the
findings of the study. First, because differing doses of meloxicam were used for
oral and subcutaneous treatment groups (1 mg/kg body weight versus 0.5 mg/kg
body weight), a direct comparison of pharmacokinetic parameters is not possi-
ble. Second, oral dosing of meloxicam has proven to yield variable pharmacoki-
netic results [15]. Blood meloxicam concentrations, especially in the MM group,
were variable around the elimination phase. Lastly, pharmacokinetic parameters
could not be calculated for one calf in the MM group. The meloxicam elimina-
tion phase was quite prolonged for this calf, precluding an accurate estimation of

pharmacokinetic parameters for this calf.

5. Conclusion

The administration of meloxicam at label doses, either orally or subcutaneously,
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results in therapeutic plasma levels in calves. Oral meloxicam administered in
milk or electrolyte solutions results in similar pharmacokinetic outcomes when
compared to calves dosed via direct oral bolus. Caution should be exercised
when administering meloxicam, particularly orally and in association with a
milk meal, as this may result in prolonged systemic meloxicam levels. This is es-
pecially true for meloxicam administered in milk. The clinical significance of

these findings needs further investigation.
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