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Abstract 

No FDA-approved treatment exists to mitigate castration pain in cattle. However, 

meloxicam, a long-acting and cost-effective non-steroidal anti-inflammatory drug, may be 

administered extralabel to help attenuate pain and inflammation associated with this procedure. 

Although previous studies generally support the analgesic efficacy of meloxicam in cattle, 

reported outcomes have been variable. This variability may, in part, reflect differences in 

meloxicam pharmacokinetic disposition across studies, potentially influenced by covariates such 

as genetics (breed and sister species) and physiological status- factors that have largely been 

unaccounted for in existing research. This thesis aimed to use bioequivalence criteria in the 

absence of defined clinical significance to (1) evaluate the effect of breed on meloxicam 

pharmacokinetics and (2) evaluate the impact of surgical castration on the pharmacokinetics of 

meloxicam when administered at the time of the procedure. A tertiary aim of this thesis was to 

identify statistical outliers within each breed as potential candidates for genome-wide association 

studies to detect mutations associated with altered meloxicam metabolism and disposition. A 

total of 77 bull calves (3-5 months old, 75-130 kg) from three breeds (Angus n=25, Brahman 

n=25, and Holstein n=27) received a single oral dose of meloxicam (1 mg/kg), followed by 

plasma sampling at predetermined intervals over 168 h. After a washout period of at least 14 

days, 41 of the calves were administered another single oral dose of meloxicam (1 mg/kg) at the 

time of surgical castration, with plasma sampling repeated over 168 h. Meloxicam concentrations 

were quantified using a validated ultra-performance liquid chromatography-tandem mass 

spectrometry (UPLC-MS/MS) method. Noncompartmental pharmacokinetic and bioequivalence 

analyses revealed clear differences in meloxicam disposition across breeds and between 

physiological states. Brahman calves exhibited the greatest extent of absorption and the slowest 



  

elimination, with markedly elevated area under the curve (AUC) and prolonged elimination half-

lives (t1/2) compared to Angus and Holstein calves. Holstein calves also showed increased AUC 

and extended t1/2 relative to Angus. The only bioequivalent parameter among breeds was CMax 

between Angus and Holstein calves; however, Holsteins reached CMax earlier than both Angus 

and Brahman, and Brahman calves had a markedly increased CMax compared to the other breeds. 

Following surgical castration, AUC and CMax increased, while t1/2 decreased compared to pre-

castration values. Time to CMax (TMax) remained bioequivalent before and after castration. 

Additionally, attempts to identify statistical outliers using t1/2 within each breed were successful, 

with a total of eighteen outliers identified (Angus n=5, Brahman n=7, Holstein n=6), evenly 

divided between rapid and slow metabolizers. These individuals may represent distinct metabolic 

phenotypes, warranting further genetic analysis to explore the metabolic and genetic factors that 

influence meloxicam disposition. Understanding these factors could ultimately affect its 

analgesic efficacy and withdrawal times. Lastly, this study reinforces the importance of 

evaluating drug pharmacokinetics in animals under the conditions for which they are intended, 

rather than in healthy animals alone, as physiological state may significantly alter drug 

disposition. Further research is needed to determine whether breed-based differences in 

meloxicam disposition translate into meaningful differences in pain mitigation, and to inform 

breed-specific dosing regimens and withdrawal times to optimize analgesic efficacy while 

ensuring food safety. 
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Chapter 1 - Literature Review 

 1.1 Pain Management in Cattle Following Castration 

An estimated 15 million cattle undergo castration annually to improve pen behavior and 

meat quality for human consumption.1,2 Despite being a commonly performed procedure, 

castration is known to cause pain attributed to acute inflammatory physiological response.2–7 

There has been an increased focus on the use of analgesia in cattle in the past decade.8 

The shift towards implementation of effective pain management in livestock has largely been 

influenced by consumers and producers.8 However, there are currently no FDA-approved 

analgesics to control castration pain in cattle. In contrast to other regions like Canada and 

Europe, the U.S. regulatory agency mandates rigorous evidence of efficacy before approving 

pain management drugs.9 As prey species, the instinctive masking of pain creates an additional 

barrier for objectively measuring pain in cattle.5 Since the passage of Animal Medicinal Drug 

Use Clarification Act of 1994 (AMDUCA), veterinarians have been permitted to prescribe drugs 

for extralabel use when an animal’s health is threatened or when failure to treat the animal may 

result in suffering or death.10 The American Association of Bovine Practitioners has long-

acknowledged that all methods of castration induce pain and recommends the combined use of 

local anesthetics and systemic pain relief (e.g. opioids, alpha-2 agonists, gabapentin, nonsteroidal 

anti-inflammatory drugs [NSAIDs]) as a proper pain management protocol.11 Even so, a 2011 

survey of over 660 veterinarians revealed that nearly 70% of calves undergoing castration at < 6 

months of age do not receive analgesia, as castration was perceived to be one of the least painful 

procedures or conditions.12 The gap between the professional recognition of the need for pain 

control and its real-world implementation highlights the need for effective pain management 
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strategies in cattle, as well as the availability of FDA-approved analgesics specifically indicated 

for castration-related pain. 

 1.2 Meloxicam Use in Cattle: Therapeutic Use, Regulatory Considerations, 

and Pharmacokinetic Variability 

 1.2.1 Meloxicam for Pain Management 

In U.S. food animal production systems, the most commonly used analgesics are flunixin 

meglumine, aspirin, and meloxicam, all of which NSAIDs. NSAIDs are widely used for their 

antipyretic, analgesic, and anti-inflammatory properties achieved through the inhibition of 

cyclooxygenase (COX) enzymes (COX-1 and COX-2), which regulate inflammatory mediator 

production in the arachidonic acid cascade.8,13 Aspirin and flunixin meglumine are both 

carboxylic acid derivatives while meloxicam belongs to the oxicam class of NSAIDs, which are 

enolic acid derivatives. Flunixin and meloxicam have been shown to reduce pain and 

inflammation in cattle, particularly following procedures like castration and dehorning.14 

Among these NSAIDs, meloxicam is often considered the best option for managing pain 

in cattle due to its affordability, ease of administration, and apparent long duration of action, 

providing analgesia for several days with a single dose.15,16 Unlike nonselective NSAIDs such as 

flunixin and aspirin, meloxicam acts by preferentially inhibiting COX-2, the COX isoform 

responsible for producing pro-inflammatory prostaglandins, as well as some that contribute to 

homeostatic functions. In contrast, COX-1 primarily produces prostaglandins essential for 

maintaining gastrointestinal and renal homeostasis. This COX-2-selectivity is thought to 

contribute to meloxicam’s efficacy while reducing the risk of gastrointestinal side effects 

compared to nonselective NSAIDs.17 Meloxicam is FDA-approved for use in humans, dogs, and 

cats in oral, transmucosal, and injectable (IV, SQ) formulations, primarily for managing pain 
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associated with osteoarthritis, rheumatoid arthritis, musculoskeletal conditions, and control of 

postoperative pain and inflammation.13,18 It has also gained popularity in the U.S. for its efficacy 

in managing pain in food animals, including cattle, as discussed in the next section. 

Meloxicam was approved for use in cattle in European countries in 1998, followed by 

approval in other countries including Canada and Australia.9,19 In the United States, meloxicam 

is available for extralabel use in cattle under AMDUCA, which allows meloxicam to be 

administered to cattle under veterinary supervision to address health risks.5,10 

Flunixin meglumine is FDA-approved for use in cattle to control pyrexia associated with 

bovine respiratory disease, endotoxemia, and acute bovine mastitis. It is also approved for the 

control of inflammation from endotoxemia and control of pain associated with foot rot.14,20 

Despite meloxicam lacking FDA approval for use in cattle, it is often preferred over other 

NSAIDs due to its long elimination half-life (t1/2). The t1/2 of oral meloxicam in cattle (8.4 to 

65.3 hours) results in prolonged drug exposure, whereas flunixin meglumine has a consistently 

shorter t1/2 of 5–6 hours and may require multiple doses to maintain effective drug concentrations 

over the same time period making meloxicam a more convenient option for veterinarians and 

livestock producers.21–24  

 1.2.1.1 Regulatory Considerations for Use in Cattle 

Because meloxicam is not FDA-approved for the mitigation of procedural pain in cattle, 

its use in procedures like castration is considered extralabel use under AMDUCA. This 

designation places the responsibility on veterinarians to ensure appropriate use, including 

adherence to regulatory requirements such as establishing proper withdrawal intervals and 

preventing violative drug residues in edible tissues and animal products. 
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The withdrawal period refers to the time between the final administration of a drug and 

when an animal can be slaughtered for food consumption or its products (e.g. milk) can enter the 

human food supply.25 This interval is critical to ensure that drug residues do not exceed 

established safety thresholds that could pose risks to public health. In regions such as the 

European Union, meloxicam is approved for pain mitigation in cattle with a withdrawal period of 

15 days for meat and 5 days for milk.26 In contrast, meloxicam is not approved for use in cattle in 

the U.S., and its extralabel use requires veterinarians to assign an extended withdrawal interval, 

as the tolerance for residues is effectively zero.27 

 1.2.2 Pharmacokinetics of Meloxicam in Cattle 

Meloxicam is well absorbed following both parenteral and oral administration in cattle. 

Bioavailability is close to 100% after oral administration.23 Meloxicam is reported to reach peak 

plasma concentrations (CMax) of 1,450 to 3,610 ng/mL between 10.5 and 24 hours after oral 

dosing (1 mg/kg), indicating efficient absorption through the gastrointestinal tract.9,14,15 Because 

meloxicam is relatively lipophilic and weakly acidic, it favors passive diffusion in the largely 

neutral pH of the small intestine, the primary site of absorption in ruminants.18 Once absorbed, 

meloxicam is highly bound to plasma proteins, particularly albumin, with >95% of the drug 

typically bound.28 This extensive binding limits the amount of free, pharmacologically active 

drug in circulation but may prolong systemic availability. Only the unbound fraction of 

meloxicam is able to cross biological membranes and reach target tissues. Despite the small free 

fraction, meloxicam remains an effective NSAID due to its potency.9 Reported volumes of 

distribution (Vd) for meloxicam in cattle range from 0.17 to 0.31 L/kg across various studies 

during intravenous administration, suggesting low tissue penetration.9  
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Across species, meloxicam undergoes extensive hepatic metabolism.9 Meloxicam is 

initially metabolized in the liver by cytochrome P450 (CYP) enzymes to 5’-hydroxy meloxicam 

(also known as 5’-hydroxymethyl meloxicam), which is further metabolized into 5’-carboxy 

meloxicam, through non-CYP routes.29 At least two other inactive metabolites, possibly formed 

by peroxidase enzymes, are also reported in most species.30,31 Although the plasma metabolite 

profile has not yet been explicitly reported in cattle, European Medicines Agency (EMA) filings 

for meloxicam indicate that 5’- hydroxy meloxicam and 5’- carboxy meloxicam are found in the 

urine of cattle along with an unidentified polar metabolite (referred to as ‘metabolite 1’), 

representing 5%, 2%, and 18% of the administered dose, respectively.31 The oxalyl metabolite 

(5-methylthiazol-2-yl carbonyl carboxylic acid) has also been reported in cattle urine. The EMA 

filing reports that the metabolite profile in cattle plasma and excreta is qualitatively similar to 

rats and minipigs.31 In minipigs, 5’-hydroxy meloxicam and 5’- carboxy meloxicam are reported 

to be the main metabolites while in rats, the primary metabolites are 5’-hydroxy meloxicam, 5’-

carboxy meloxicam, and the oxalyl metabolite.31 Meloxicam metabolites are inactive. The 

specific CYP isoenzymes responsible for meloxicam metabolism to 5’-hydroxy meloxicam in 

cattle and other veterinary species have not been elucidated, but human CYP2C and CYP3A 

subfamilies are involved in the metabolism of meloxicam in humans.32,33 

In cattle, approximately 50% of meloxicam is excreted in the urine with only trace 

quantities of the parent drug reported in urine.31 Because it undergoes biotransformation into 

inactive metabolites prior to elimination, meloxicam clearance depends largely on the efficiency 

of metabolic pathways rather than on renal filtration of the parent drug. In cattle, reported 

clearance for oral meloxicam is consistently low at 0.10 mL/min/kg, consistent with the drug’s 

long elimination half-life (t₁/₂), reported to range from 8.4 to 65.3 hours.14,21 After oral 
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administration of meloxicam in cattle, the area under the concentration-time curve (AUC) is 

reported to be 36,000 to 216,000 h ng/mL.9,15,20 

 1.2.2.1 Known Variability in Pharmacokinetic Parameters and Influencing Factors 

Understanding variability in pharmacokinetic parameters is crucial for optimizing 

therapeutic regimens and ensuring consistent outcomes. In existing meloxicam pharmacokinetic 

studies in cattle, reported pharmacokinetic parameters show substantial variability.9,14,15,21 A 

recent review article found significant variability in pain assessment outcomes for cattle treated 

with meloxicam for procedural pain.9 Along with inconsistent methodologies across studies, 

extensive variability in pharmacokinetic parameters, with understudied variables; breed, age, sex, 

and physiological status, potentially contributing to this variability. Even when controlling for 

variables like breed, sex, or physiological status, pharmacokinetic variability can persist based on 

studies investigating meloxicam disposition in cattle, suggesting genetic factors may also 

influence drug disposition.23 Studies report a wide range for the t1/2 ranging from 8.4 to 65.3 

hours, representing a nearly 8-fold difference, which would markedly influence dosing intervals 

and the duration of pain relief.21–23 The AUC, indicative of total drug exposure, is reported to be 

36,000 to 216,000 h ng/mL), reflecting a 6-fold difference. 9,15,20 Similarly, reported CMax values 

range from 1,450 to 3,610 ng/mL (~2.5-fold difference) occurring at 10.5 to 24 hours (~2.3-fold 

difference) following oral administration.9,14,15 Variability in these parameters across individuals 

can affect both the duration of pain relief and the persistence of drug residues in tissues. Further 

research is needed to better understand intrinsic factors influence meloxicam pharmacokinetics 

to improve the effectiveness of pain management while ensuring food safety. 
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 1.3 Breed-Dependent Variability in Drug Metabolism 

 1.3.1 Evidence of Genetic Differences in Disposition 

CYP enzymes are polymorphic enzymes that play an essential role in drug metabolism. 

CYPs are primarily expressed in the liver and metabolize a wide variety of drugs, including 

meloxicam.29,34,35 Approximately 89% of commonly prescribed oral medications for humans are 

metabolized by CYP enzymes, with CYP3A4/5 accounting for the metabolism of the largest 

proportion of these drugs.33 CYP enzyme expression and activity can be influenced by numerous 

factors, including genetic polymorphisms, sex, age, disease state, environmental exposures, co-

administered drugs, and endogenous ligands.34 As a result, variations in CYP expression and 

activity can directly affect pharmacokinetics, influencing drug exposure and ultimately, drug 

efficacy.36 In addition to their role in drug metabolism, CYP enzymes also metabolize 

endogenous compounds essential for maintaining physiological homeostasis in the body.35  

Genetic factors account for up to 30% of the variability in drug metabolism observed in 

humans.37 Variants and multiplications of alleles can significantly influence enzyme activity and, 

as a result, an individual’s rate and extent of drug metabolism.35 Extensive studies in humans 

over the last several decades have investigated the genetic causes underlying racial, ethnic, and 

population differences in drug disposition and response. For example, the main isoenzyme 

responsible for metabolizing the oxicam class of NSAIDs, CYP2C9, exhibits over 60 genetic 

variants.32,38,39 One of these variants, CYP2C*9 reduces enzyme activity in 25% of the Iranian 

population, 10% of Caucasians, and almost none of the African or Asian populations.32 Although 

genetic variability in drug metabolism is well documented in humans, it remains poorly studied 

in veterinary species, including cattle. 
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Most present-day cattle species are of the taurine (Bos taurus) and zebuine (Bos indicus) 

sister subspecies, which diverged from the now-extinct wild aurochs (Bos primigenius) between 

300,000 and 2 million years ago.40–42 While both sister species share a common ancestor, they 

exhibit a wide range of physiological and developmental differences due to their distinct 

evolutionary paths, including heat tolerance, immune responses and tumor development, parasite 

resistance, metabolic hormone regulation, milk yield, teat development, and traits related to horn 

development and mastitis resistance.43–49 B. indicus breeds of cattle tend to be used primarily for 

beef production, although some will be used for dairy production, as well. On the other hand, B. 

taurus cattle breeds are commonly raised for both dairy and beef production. A critical 

distinction between the two sister species is the degree of genetic variation. B. taurus cattle 

generally exhibit lower genetic variation among breeds, whereas B. indicus cattle display higher 

genetic variation among breeds.50 This increased variation among B. indicus breeds may reflect 

the evolution of more distinct traits, which could have implications for understanding 

pharmacokinetic differences between cattle breeds. 

Given the physiological and genetic differences between these sister subspecies, it is 

reasonable to consider how genetics play a role in variable pharmacokinetics. Investigating these 

differences as an effect of breed is critical for optimizing pain management strategies and 

ensuring that each calf receives appropriate dosing to effectively mitigate procedural pain. 

 1.3.1.1 Examples from Cattle and the Importance of Recognizing Breed Differences  

Breed-related differences in drug metabolism have been reported in cattle and may 

contribute to variability in drug efficacy and food safety. The earliest indications of such 

variation came from studies evaluating antipyrine, a probe drug commonly used to assess general 

CYP activity. Frisian calves were shown to eliminate antipyrine twice as fast as Blue White 
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Belgian calves.51 Similarly, when Black-and-White x Holstein-Frisian cross calves with varying 

admixtures were compared, those with 50% Holstein-Frisian genetic backgrounds eliminated 

antipyrine more rapidly than calves with 0-25% Holstein-Frisian backgrounds.52 Additionally, 

differences in the pharmacokinetics of ivermectin among cattle breeds (and sister species; Bos 

indicus and Bos taurus) have also been reported, further supporting the concept of breed-based 

variation in drug disposition.53,54 Following ivermectin administration, pharmacokinetic 

parameters including AUC, CMax, and t1/2 were markedly elevated in B. indicus (Tabapuã) cattle 

compared to the B. taurus (Angus) cattle.53 These differences suggest that B. indicus cattle may 

exhibit slower drug elimination and prolonged systemic exposure, which could influence both 

therapeutic efficacy and increase the risk of drug residues in edible tissues. 

Given the central role of CYPs in drug metabolism, differences in their expression likely 

play a role in some of the observed breed- and sister-species-based variability. Multiple studies 

have demonstrated breed-dependent expression of CYP isoforms thought to be relevant to bovine 

drug metabolism.55–58 Hepatic microsomal CYP3A protein expression was found to be 

significantly lower in Piedmontese cattle compared to Limousin cattle.55 A follow-up study 

evaluating Charolais, Piedmontese, and Blonde d’Aquitaine breeds found substantial differences 

in the expression of CYP1A, CYP2B, and CYP3A isoforms.56 Similarly, Angus cows display 

significantly higher RNA expression of CYP2B and CYP2E, 3.4- and 2-fold greater, 

respectively, compared to Simmental cows.57 Another investigation quantified hepatic mRNA 

expression of CYP3A28, CYP3A38, and CYP3A48 in Charolais, Piedmontese, Blonde 

d’Aquitaine, Marchigiana, and Valdostana breeds, revealing markedly lower expression in 

Piedmontese and Blonde d’Aquitaine cattle compared to Charolais, Marchigiana, and Valdostana 

breeds.58 These findings are consistent across studies, indicating that some breeds (2.g. 
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Piedmontese) consistently show reduced CYP3A expression, while others (e.g. Charolais) 

exhibited elevated levels.55,56,58  

These breed-based differences in hepatic enzyme expression may have direct 

implications for pharmacokinetics, particularly in regard to drug clearance and elimination half-

life. Failing to account for breed variability may confound study results. As such, recognizing 

and incorporating breed as a variable in pharmacology research may be critical for developing 

accurate, effective and safe drug dosing regimens. 

 1.3.2 Potential Role of Genetic Variability in CYP Enzymes 

While breed-associated differences in CYP expression suggest a genetic basis, studies 

have only recently begun to characterize the functional implications of genetic variation within 

bovine CYP enzymes. Building on earlier findings (Section 1.3.1.1), one study investigated the 

functional impact of single nucleotide polymorphisms (SNPs) on CYP3A28, CYP3A38, and 

CYP3A48 genes in Piedmontese cattle.58,59 They identified 13 SNPs and evaluated their impact 

on enzyme activity using human CYP probe substrates, including testosterone and nifedipine. 

Some variants significantly reduced or enhanced enzyme activity, even those located outside the 

active site, demonstrating that subtle genetic changes can substantially alter drug metabolism.59 

Additional research has focused on CYP2D gene variability.60,61 A study in Japanese 

Black cattle identified two deletion variants of the CYP2D14 gene, which led to impaired 

metabolism of metoclopramide, resulting in higher plasma drug concentrations and prolonged 

half-lives.60 A subsequent comparison with Holstein-Friesian cattle revealed that over half of 

Japanese Black cattle carried deletion variants, while the variants were rare in Holsteins.61 

Together, these studies suggest that genetic differences may significantly impact drug disposition 

across cattle breeds. 
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 1.4 Influence of Stress, Pain, and Inflammation on Drug Disposition in Cattle 

 1.4.1 Surgical Castration-Induced Stress and Inflammation 

While breed-dependent differences are important, physiological factors such as stress, 

pain, and inflammation must also be considered when evaluating pharmacokinetic variability in 

cattle. 

Surgical castration is a routine yet acutely painful and stressful procedure in cattle that 

elicits a robust physiological response.2–7,62 The procedure activates the hypothalamic-pituitary-

adrenal axis, resulting in elevated cortisol levels.63,64 Elevated cortisol promotes lipolysis, 

releasing free fatty acids from adipose tissue.65 These free fatty acids are capable of displacing 

drugs from plasma protein binding sites, particularly albumin, increasing the unbound fraction of 

highly protein-bound drugs.65 

Castration also initiates a systemic inflammatory response. Increases in biomarkers of 

inflammation, such as substance P, haptoglobin, heat shock protein 90 (HSP90), and leukocyte 

mRNA expression of inflammatory interleukins (IL1A, IL1B, IL1RN, and IL6) have been noted 

following surgical castration.64,66 Surgical castration also increases total white blood cells, 

lymphocytes, and monocytes.67 Notably, testosterone concentrations rapidly decrease following 

surgical castration, which can influence CYP activity, as sex hormones are known modulators of 

drug-metabolizing enzymes.68 Additionally, stress-related hormonal cascades may disrupt 

gastrointestinal motility and blood flow may be altered, potentially altering oral drug absorption 

and disposition.69 

 1.4.1.1 Surgical and Inflammatory Modulation of Drug Disposition 

Physiological states involving stress, inflammation, and hormonal shifts have been shown 

to alter drug position across species. One of the primary mechanisms by which inflammation 
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affects pharmacokinetics is through the downregulation of hepatic CYP enzymes by pro-

inflammatory cytokines.70 IL-6 and IL1B, which are elevated during surgical procedures such as 

castration, have been shown to suppress the expression and activity of several CYP isoenzymes, 

including CYP3A4, CYP2C9, and CYP2C19 in humans.70 This can lead to a temporary 

reduction in hepatic drug metabolism, increasing drug exposure and prolonging half-life.70 

Importantly, this inflammation-driven suppression of metabolic enzymes can override genetic 

influences, a phenomenon referred to as “phenoconversion,” in which an individual's rapid or 

intermediate metabolic phenotype is altered by environmental or physiological conditions.70 Pro-

inflammatory cytokine release has also been shown to modulate renal clearance. For example, 

one study demonstrated that surgical stress in humans led to altered pharmacokinetic profiles for 

multiple drugs due to inflammation-induced changes in metabolism and elimination.71 

In humans, postoperative states reduced gastric emptying and altered blood volume and 

plasma protein levels, all of which can impact absorption and distribution.71 In pediatric surgical 

patients, methadone pharmacokinetics were affected by postoperative changes, including 

reduced clearance and altered volume of distribution, attributed, in part, to shifts in CYP activity 

and plasma protein binding.72 In veterinary species, ovariohysterectomy in dogs reduced the 

volume of distribution of meloxicam, and a trend of reduced meloxicam clearance and increased 

AUC was observed.73 These findings suggest that the physiological changes following surgery, 

particularly those affecting the circulatory and metabolic systems, can significantly impact drug 

absorption, distribution, and clearance. 
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 1.4.2 Existing Evidence of Painful Procedures Altering NSAID Pharmacokinetics in 

Cattle 

Despite well-documented physiological changes following castration and other painful 

procedures in cattle, little is known about how these changes affect the pharmacokinetics of 

NSAIDs under field conditions. Studies evaluating NSAID efficacy and stress biomarkers 

following castration or dehorning often do not include pre-procedural or non-inflamed 

comparator groups, making it difficult to determine whether the pharmacokinetics of NSAIDs 

like meloxicam are altered. One study evaluated meloxicam pharmacokinetics in calves at the 

time of surgical castration, but did not include a pre-castration comparator group.15,62 While 

informative for castration kinetics, it leaves unresolved whether pain and inflammation altered 

meloxicam disposition, given that most pharmacokinetic studies in cattle are performed in non-

inflamed, and otherwise healthy animals. 

Only one study has directly demonstrated altered NSAID pharmacokinetics in the context 

of painful procedures. Transdermal flunixin meglumine (3.33 mg/kg) administered at the time of 

cautery dehorning in Holstein calves resulted in a significantly longer plasma half-life compared 

to calves that underwent sham dehorning without pain.74 The study revealed that the t1/2 of 

flunixin was notably extended in the dehorning group (10.09 hours) versus the sham group (7.16 

hours).74 Additionally, a treatment-by-time interaction indicated that pain altered the 

pharmacokinetic profile of flunixin over time.74 These results suggest that pain associated with 

dehorning can influence the pharmacokinetics of transdermal flunixin, potentially modifying its 

therapeutic efficacy and duration of action. 



14 

 1.5 Identifying Outliers and Genetic Variability in Drug Metabolism 

 1.5.1 Interpreting Pharmacokinetic Differences: Statistical Significance, Clinical 

Significance, and Bioequivalence 

While variations in drug exposure are often reported as statistically significant (the 

likelihood that observed results are not due to random chance), it is essential to determine 

whether these differences are also clinically meaningful (impactful on patient 

outcome).53,54,71,72,74 This distinction is especially important in pharmacokinetic studies involving 

NSAIDs like meloxicam, where shifts in parameters may reflect changes in the rate and extent of 

drug exposure, but not necessarily alter clinical outcomes 75  

 In the absence of clinically meaningful differences in drug exposure, global federal 

regulatory bodies consider drug exposure endpoint differences to not be clinically 

(therapeutically) different from one another if the 90% confidence interval of the log-

transformed ratio of test and reference treatment falls completely within the range of 80–

125%.76,77 Although originally designed to compare different formulations of the same drug, 

bioequivalence framework can also be used to asses different populations such as male vs. 

female, healthy vs. impaired physiological states, or breed vs. breed. Applying bioequivalence 

principles in these contexts helps to determine whether observed variability may warrant change 

in dosing strategies in veterinary species. 

 1.5.2 Using Pharmacokinetic Data to Identify Polymorphisms 

Pharmacokinetic datum is a powerful screening tool for detecting individuals or 

subpopulations with atypical drug metabolism. These individuals may represent fast or slow 

metabolizing phenotypes linked to genetic polymorphisms in drug-metabolizing enzymes, 

particularly CYPs.23,78 The ratio of parent drug to its metabolites, generally derived from the 



15 

AUCs of the parent drug and metabolite or single time-point concentration ratios between the 

parent drug and metabolite, reflects metabolic efficiency.78–80 A high parent-to-metabolite ratio 

may indicate impaired enzymatic activity or reduced expression of relevant CYP enzymes, while 

a low ratio could suggest accelerated metabolism.78,80 This approach is widely used to flag 

individuals for further investigation and provides functional insight into enzyme activity and 

drug clearance capacity. A study on celecoxib in beagle dogs identified extensive and poor 

metabolizers based on differences in elimination half-life and clearance, linking these 

phenotypes to CYP2D15 polymorphisms.78,80 This highlights the utility of pharmacokinetic 

screening to uncover genetic differences in drug metabolism. 

Identifying fast and slow metabolizers in veterinary populations is critical for refining 

dosing strategies, preventing adverse drug reactions, and ensuring human food safety in food-

producing animals.23,54,78 Studies in cattle and other species have reported outliers in 

pharmacokinetic parameters, including prolonged half-lives and altered drug exposure, as well as 

the identification of groups with varying metabolism, which may be indicative of underlying 

genetic polymorphisms.21,23,74,80,81 Genomic techniques described in the next section can help 

resolve this gap by confirming whether observed pharmacokinetic outliers reflect true genetic 

differences in drug metabolism. 

 1.5.3 Genomic Sequencing to Identify Cytochrome-P450 Variants 

Pharmacogenomics aims to understand how genetic variation influences individual 

response to drugs. As with human medicine, this approach in veterinary medicine has the 

potential to guide precision dosing- ensuring that patients receive the right drug, at the right dose, 

at the right time. This is particularly relevant for drugs with narrow therapeutic indices or 

significant interindividual variability in metabolism. The most reliable way to detect genetic 
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polymorphisms, especially those affecting genes encoding drug-metabolizing enzymes like 

CYPs, is through DNA sequencing.35 Several genomic technologies are available, each offering 

unique advantages depending on the research question. 

Whole genome sequencing (WGS) provides an unbiased, comprehensive survey of the 

entire genome, including coding regions, regulatory elements, and intergenic areas. WGS can 

detect both common and rare variants and is especially useful when exploring complex, 

polygenic phenotypes. For example, WGS has been used to investigate breed-level genetic 

diversity in cattle and to better understand the genetic landscape within livestock populations.82 

WGS can identify novel or breed-specific variants in drug metabolizing enzymes, transporters, 

and nuclear receptors that may impact pharmacokinetics. The cost of WGS continues to decline, 

making it an increasingly accessible tool for broader applications in veterinary 

pharmacogenomics. 

Next-generation sequencing (NGS) is a broader term that includes WGS but also 

encompasses targeted sequencing approaches, such as whole-exome sequencing or gene 

panels.35,80 The targeted approach is more cost-effective than WGS for studies focused on a 

limited number of genes or when studying a large population.35 For instance, NGS has been used 

to sequence the CYP2D15 gene in dogs, revealing breed-specific variants affecting probe drug 

metabolism.80  

Genome-wide association studies (GWAS) are a population-level approach used to 

associate specific genetic variants with phenotypic traits, including variation in CYP enzyme 

activity.35 GWAS has traditionally relied on high-density SNP arrays to identify common 

variants across the genome. However, GWAS can also be conducted using WGS data, which 

increases resolution and enables the identification of rare or novel variants missed by array-based 
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methods.35,48 This integration of WGS and GWAS provides a more complete understanding of 

the genetic architecture underlying complex traits, such as breed-related differences in drug 

metabolism.80,83 In practice, GWAS often identifies genomic regions of interest, which can then 

be more deeply investigated with targeted sequencing approaches like NGS or WGS.48 In cattle, 

GWAS has been utilized to identify SNPs associated with tick resistance.83.  

Together, these genomic tools offer the potential to inform precision medicine in 

livestock by identifying genetic factors that influence drug disposition. This could ultimately 

guide more tailored and effective dosing strategies leading to enhanced efficacy and food safety 

in food animals.  

 1.6 Hypothesis, Objectives and Thesis Organization 

Despite the widespread use of NSAIDs like meloxicam in cattle, there is limited 

understanding of how breed-specific genetic factors and physiological conditions affect drug 

metabolism. While population variability in drug metabolism is well-established in humans, 

breed-based variability has not been extensively studied in veterinary species, including cattle. 

Additionally, the impact of acute pain and inflammation on pharmacokinetics, particularly for 

drugs like meloxicam, remains underexplored. This knowledge gap poses a challenge to 

providing effective and tailored pain management strategies for cattle, which is essential for 

improving animal welfare and meeting regulatory requirements of drug use in food animals. By 

addressing these gaps, the research could lead to better-targeted therapeutic strategies and 

ultimately enhance the effectiveness of meloxicam in veterinary practice. 

The research presented in this thesis investigates how breed and physiological status 

influence the pharmacokinetics of meloxicam in male calves. Specifically, it examines whether 

meloxicam disposition differs among Angus (B. taurus), Brahman (B. indicus), and Holstein (B. 
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taurus) breeds, and whether drug disposition is equivalent when administered prior to versus at 

the time of surgical castration. 

The central hypothesis is that breed-related variation and physiological responses to 

surgical castration impact meloxicam disposition, potentially necessitating tailored dosing 

strategies to optimize analgesic efficacy. 

The objectives of this work are to use bioequivalence criteria, in the absence of defined 

clinical significance, to: 

1. Compare meloxicam pharmacokinetics in Angus, Holstein, and Brahman bull calves 

(Chapter 2). 

2. Evaluate the impact of surgical castration on meloxicam disposition by comparing 

pharmacokinetics when administered before versus during the procedure (Chapter 3). 

A tertiary objective is to identify statistical outliers within each breed as potential 

candidates for WGS followed by GWAS to detect genetic variants associated with altered 

meloxicam metabolism and disposition (Chapter 2).  

By identifying breed- and physiology-related variability in meloxicam pharmacokinetics, 

these studies aim to inform tailored meloxicam use in cattle with the long-term goal of 

improving therapeutic outcomes, animal welfare, and human food safety. 
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Chapter 2 - Is Meloxicam Disposition Equivalent Between Cattle 

Breeds? 

 2.1 Introduction 

Meloxicam is a non-steroidal anti-inflammatory drug (NSAID) of the oxicam class, 

frequently used in cattle to manage pain and inflammation associated with routine procedures 

such as castration and dehorning. Its long half-life, low cost, and anti-inflammatory properties 

have made it a favorable option for pain mitigation in food-producing animals.15,16 In the United 

States, there is currently no FDA-approved analgesic therapies specifically labeled for the 

mitigation of pain associated with castration so meloxicam is used in an extralabel manner.10 

Despite its widespread use, variability in its ability to attenuate procedural pain has been noted, 

which may be due, in part, to variable pharmacokinetics in cattle.14 Limited data exist regarding 

sources of variability in meloxicam pharmacokinetics within cattle populations. 

Pharmacokinetic variability in cattle can be influenced by several factors, including age, 

physiological status, route of administration, sex, and genetic background.14 Among these, breed-

related genetic variation represents a potentially important but underexplored source of 

variability in drug disposition.53,84 Substantial evidence supports interbreed differences in the 

expression of cytochrome P450 (CYP) enzymes, which play a central role in the metabolism of 

many drugs, including meloixicam.58–61 Studies evaluating other compounds, such as antipyrine 

and ivermectin, have demonstrated notable differences in pharmacokinetics among cattle breeds, 

suggesting that variability may exist for other CYP-metabolized drugs as well.51–54  

Meloxicam is predominantly cleared through hepatic CYP-mediated metabolism, initially 

forming 5’-hydroxy meloxicam as the primary metabolite, followed by conversion to 5’-carboxy 

meloxicam via a non-CYP pathway.29 While the specific CYP isoenzymes responsible for 
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meloxicam metabolism in cattle have not been identified, data from human studies implicate 

enzymes from the CYP2C and CYP3A subfamilies.29,32,33 Consequently, genetic differences 

affecting the expression or activity of these enzymes could result in breed-related variability in 

meloxicam pharmacokinetics, with potential implications for analgesic efficacy, animal welfare, 

and withdrawal interval determinations. 

The primary objective of this study was to evaluate whether meloxicam pharmacokinetics 

differ among cattle breeds by comparing drug disposition in Angus (B. taurus), Holstein (B. 

taurus), and Brahman (B. indicus) bull calves following oral administration. In the absence of 

established clinically significant exposure thresholds for meloxicam in cattle, bioequivalence 

criteria were applied to assess differences in disposition between breeds.  

A secondary aim of this work was to identify individual animals within each breed 

exhibiting outlier pharmacokinetic profiles suggestive of altered drug metabolism as potential 

candidates for future genome-wide association studies to identify genetic variants associated 

with altered meloxicam metabolism and disposition. Initially, this was to be accomplished by 

assessing parent-to-metabolite ratios as indirect markers of CYP activity; however, meloxicam 

metabolites were not detected at quantifiable concentrations in plasma. As a result, elimination 

half-life (t1/2) was employed as a surrogate marker for metabolic variability.  

By characterizing breed-related pharmacokinetic variability, this research aims to inform 

the development of more precise, breed-specific meloxicam dosing regimens, ultimately 

improving pain management, animal welfare, and human food safety in cattle production 

systems. 
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 2.2 Materials and Methods 

 2.2.1 Animal and Housing 

This study was approved by the Kansas State University Institutional Animal Care and 

Use Committee (IACUC #4661). The study was conducted at the Kansas State University 

Stocker Unit in Manhattan, KS, between July and September 2023. Holstein, Angus, and 

Brahman (n=27 per breed) weaned and vaccinated bull calves (weight range, 75-130 kg) at 3-5 

months of age were purchased from Missouri, Kansas, and Texas, respectively, and were 

received between May and June 2023. Calves were acclimated to their housing for at least two 

weeks before the initiation of the study. They were housed in outdoor pens by breed, with dirt 

floors. Calves had ad libitum access to water and were fed once daily with a diet formulated to 

meet or exceed nutritional requirements set by the National Research Council at 2.2% of body 

weight per normal procedures at the study site.85 Animals were evaluated by veterinarians at 

Kansas State University College of Veterinary Medicine to assure satisfactory health status prior 

to initiating the study and were identified with plastic numbered ear tags. 

 2.2.2 Experimental Design and Sample Collection 

This was a parallel-group, single-dose bioequivalence study evaluating the 

pharmacokinetics of orally administered meloxicam in Angus, Holstein, and Brahman calves. To 

facilitate timely sample collection while accounting for potential variability in weight and age, 

animals were stratified by body weight at enrollment and assigned to one of five groups. The 

first four groups consisted of 18 calves (n=6 per breed), while the fifth group contained 9 calves 

(n=3 per breed). The heaviest animals were assigned to the first group to complete the study, 

with progressively lighter weight animals assigned to subsequent groups. This weight-based 
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stratification was implemented to minimize differences in body size and age at the time of the 

study while ensuring balanced breed representation within each group. 

The FDA Center for Veterinary Medicine and International Cooperation on 

Harmonization of Technical Requirements for Registration of Veterinary Medicinal Products 

(VIHC) recommends enrolling a minimum of 12 subjects per ‘treatment’ group for blood level 

bioequivalence studies.86 A more precise sample size calculation was determined based on prior 

research. The intersubject coefficient of variation for total drug exposure (area under the 

concentration time curve, AUC) in previous oral meloxicam pharmacokinetic studies in calves 

was approximately 10 to 30%.21–23,87 The sample size for a parallel bioequivalence design with 

an acceptance range of 0.81-1.25 and a 𝜇2/𝜇1 value of 1.0 (indicating no difference) was 

estimated to be between 5 and 33 animals per group to achieve 80% power at an α value of 

0.05.88 Due to an ongoing concurrent study, a total of 27 animals per breed were available for 

enrollment in the study. 

Sterile jugular catheters were placed approximately 16 hours prior to meloxicam 

administration to facilitate serial blood sampling for the first 24 h of the study. The target 

meloxicam dose was 1 mg/kg, with administered doses ranging from 150 to 405 mg. Meloxicam 

was administered by balling gun in gelatin boluses (size # 07, Torpac Inc., Fairfield, NJ) 

containing 15 mg meloxicam tablets (Mylan Pharmaceutical Inc., Morgantown, WV). Blood 

samples (6mL per time point), obtained from the jugular catheter or jugular or coccygeal 

venipuncture, were collected prior to meloxicam administration (0 hours), and at 2, 4, 6, 8, 10, 

12, 16, 24, 36, 48, 72, 96, 120, and 168 hours following drug administration. Blood samples 

were immediately placed into 6mL lithium heparin blood tubes, gently inverted, then placed on 
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ice until centrifugation for 10 minutes at 2000 x g. plasma was then collected and stored at -80°C 

until analysis. 

 2.2.3 Plasma Meloxicam Analysis 

Meloxicam and the internal standard, meloxicam-d3, were purchased from Cayman 

Chemical (Ann Arbor, MI). Meloxicam metabolites, 5’-hydroxy meloxicam, and 5’-carboxy 

meloxicam were purchased from Toronto Research Chemicals (North York, ON). Analytical 

standards were dissolved in DMSO to create 1 mg/mL stocks. The meloxicam and metabolite 

stocks were further diluted in methanol to create working stocks and enrich untreated pooled 

bovine plasma to generate calibration curves at the following concentrations: 0.5, 1, 5, 10, 25, 

50, 100, 500, 1000, and 2000 ng/mL for meloxicam and 5’-hydroxy meloxicam and 5, 10, 25, 

50, 100, 500, 1000, and 2000 ng/mL for 5’-carboxy meloxicam. Quality control (QC) plasma 

samples were prepared by enriching untreated pooled bovine at the following concentrations: 

1.5, 20, 40, 75, 750, and 1600 ng/mL for meloxicam and 5’-hydroxy meloxicam and 20, 40, 75, 

750, and 1600 for 5’-carboxy meloxicam. An additional QC for meloxicam was included at 16 

μg/mL for planned 10x dilution. A working solution of meloxicam-d3 was created by dilution of 

the stock to 20 ng/mL with methanol. Plasma samples, calibration standards, and QCs were 

processed identically. Two hundred 𝜇L of -20°C internal standard solution was added to 25 𝜇L 

of plasma to precipitate proteins followed by vortexing and centrifugation (15,000 x g at 6°C for 

10 min). For negative controls, 25 𝜇L of untreated pooled bovine plasma and zero-hour plasma 

samples were processed as described above except that methanol without internal standard was 

added instead for protein precipitation. Supernatant aliquots (150 𝜇L) were transferred to 96-well 

plates containing 150 𝜇L of ultra-pure water containing 0.1% formic acid and gently mixed by 

pipetting for analysis. 
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Meloxicam plasma concentrations were determined using ultra-performance liquid 

chromatography coupled with triple quadrupole mass spectrometry (UPLC-MS/MS). The 

analytical system consisted of an Acquity H-Class UPLC and Xevo TQD mass spectrometer 

(Waters Corp., Milford, MA). The autosampler was maintained at 6ºC and the sample injection 

volume was 5 µL. Separation was achieved with an ACQUITY UPLC BEH C18 2.1 x 50 mm, 

1.7-𝜇m column (Waters Corp.) maintained at 50ºC. A gradient mobile phase was used consisting 

of (A) 2mM ammonium acetate with 0.2% formic acid and (B) acetonitrile with 0.2% formic 

acid. The gradient was as follows: from 0 to 0.25 min, 95% A; from 0.25 to 1.0 min, decrease 

from 95% A to 10% A; from 1.0 to 1.25 min, maintain at 10% A; from 1.25 to 1.5 min, increase 

from 10% A to 95% A; and equilibration with 95% A from 1.5 min to 3 min. The total run time 

was 3.0 min with a flow rate of 0.4 mL/min. Under these conditions, the meloxicam, meloxicam-

d3, 5’-hydroxy meloxicam, and 5’-carboxy meloxicam retention times were 1.24, 1.24, 0.55, and 

0.70 min, respectively. The mass spectrometer was operated in positive electrospray ionization 

mode, with multiple reaction monitoring of the following transitions: meloxicam, m/z 351.90 → 

114.90; meloxicam-d3, m/z 354.90 → 114.90; 5’-hydroxy meloxicam, m/z 368.00 → 130.90; 

and 5’-carboxy meloxicam, m/z 382.03 → 145.00. The UPLC-MS/MS system was controlled 

through MassLynx 4.2 software and Target Lynx 4.2 software was used to process the data 

(Waters Corp.) Quantification of meloxicam and metabolites was based on calibration curves 

constructed using the peak area ratio of meloxicam or metabolites to meloxicam-d3, with 1/x 

weighted least-squares regression. Runs were accepted if at least six non-zero calibration levels 

were within 15% of nominal concentrations, except the lower limit of quantitation (LLOQ), 

which had to be within 20% of the nominal concentration, and 67% of QCs were within 15% of 

their nominal concentration. Plasma samples found to contain analyte concentrations exceeding 
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the upper limit of quantitation were diluted 10:1 in duplicate with blank plasma, processed as 

described above, and re-analyzed. 

A fit-for-purpose validation was employed for the LC-MS/MS method.89 The precision 

and accuracy for the bioanalytical method were within the acceptance criteria for the FDA 

Bioanalytical Method Validation Guidance for Industry.89 Inter-assay accuracy (determined as 

the mean percent bias) and precision (determined as the mean percent relative standard 

deviation) for meloxicam and metabolites was based on QCs run in triplicate at each level on at 

least three separate days. Inter-assay accuracy for meloxicam, 5’-hydroxy meloxicam, and 5’-

carboxy meloxicam ranged between -9.4 – 8.6%, -14 - 6.6%, and -12 - 9.0%, respectively. Inter-

assay precisions for meloxicam, 5’-hydroxy meloxicam, and 5’-carboxy meloxicam ranged 

between 4.7 – 11%, 1.3 - 6.7%, and 4.7 - 8.6%, respectively. 

 2.2.4 Pharmacokinetic and Statistical Analyses 

Pharmacokinetic, bioequivalence, and descriptive statistical analyses were performed 

using computer software (PKAnalix version 2024R1, Lixoft, Antony, France). Individual animal 

plasma concentration vs. time data were analyzed using noncompartmental analysis and were 

used to calculate the AUC from time 0 to the last measured concentration above the lower limit 

of quantitation (AUC0-last), the AUC from time 0 extrapolated to infinity (AUC0-inf), elimination 

half-life (t1/2), maximum plasma concentration (CMax), and time to CMax (TMax), as the pivotal 

parameters for bioequivalence.86 Additional parameters determined included: the percent of 

AUC extrapolated from the last measured time point to infinity (AUC%Ex), the terminal 

elimination constant (𝜆z), elimination half-life (t1/2), and mean residence time (MRT). Plasma 

drug concentrations determined to be below the LLOQ were entered into the software as 

‘missing’ as were missing time points. Pharmacokinetic parameters and plasma concentration vs 
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time data were summarized by descriptive statistics. Plasma concentration vs time profiles are 

presented as arithmetic mean ± standard deviation. Pharmacokinetic parameters, except for TMax, 

are reported as the geometric mean, geometric mean coefficient of variation (%CV), and range. 

As a categorical variable, TMax is presented as the median and range. The parallel bioequivalence 

model was used to calculate bioequivalence between breeds. Two breeds were considered 

bioequivalent if the 90% confidence intervals of the geometric mean ratio of log-transformed 

pivotal parameters of one breed to the second breed fell within the 0.8 to 1.25 (80-125%) limits, 

per the FDA’s definition of bioequivalence.86 

RStudio version 2024 12.0+467 was used to identify outliers in each breed using log-

transformed elimination half-lives and plots. R packages from the tidyverse collection were 

employed to carry out specific tasks in the analysis with their default settings, namely the 

ggplot2 package for data visualization and the dplyr package for data manipulation.90 Shapiro-

Wilk tests were used to evaluate normal distribution.91 The Freedman-Diaconis rule was utilized 

to determine bin width for frequency histograms for non-normal data.92 Three different methods 

were utilized to ensure identification of outliers from the log-transformed data on RStudio: 

quantile analysis, probit plotting (top 10% deviations), and median absolute deviation. 

Meloxicam plasma concentration-time curves, frequency histograms, and probit plots were 

created using Excel, version 2503 (Microsoft Corp). Probit plots were used to visually assess the 

distribution of log-transformed half-lives, with breaks in linearity interpreted as evidence of 

bimodality.91 A stacked letter value plot was created with the lvplot package on RStudio to 

compare t1/2 among breeds to visualize distribution spread between the breeds.93 
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 2.3 Results 

A total of 80 bull calves completed the study. During the post-dosing period, two 

meloxicam boluses were discovered on the alleyway floor beyond the squeeze chute. Upon 

subsequent plasma analysis, it was found that a total of four calves (two Angus and two 

Brahman) had no detectable meloxicam concentration at any time point. These animals were 

excluded from all pharmacokinetic and subsequent bioequivalence analyses. One Angus calf 

developed an ear tag infection, which was noted at the 96-hour sampling point. The site was 

cleaned and treated with 2% chlorhexidine antiseptic solution and wound-safe fly spray. One 

Brahman calf received two subcutaneous injections of enrofloxacin on days four and six of the 

study due to pyrexia and a suspected bovine respiratory disease. One Brahman calf was 

administered transdermal flunixin meglumine on day six due to lameness. Additionally, two 

calves died on the final day of the study (day seven): one Brahman calf, suspected to have 

pneumonia, died shortly after the 168-hour sample was collected, and one Angus calf was 

euthanized due to heat stress prior to the final sampling time point. This Angus calf was included 

in the analysis, with its last recorded sample at 120 hours. The final analysis population included 

25 Angus, 25 Brahman, and 27 Holstein bull calves. 

Upon UPLC-MS/MS analysis, neither 5'-hydroxy meloxicam nor 5'-carboxy meloxicam 

were detected in plasma samples. Consequently, the reported pharmacokinetic data centers 

exclusively on meloxicam concentrations. The mean plasma meloxicam concentration-time 

profiles for meloxicam are shown in Figure 2.1, and pharmacokinetic parameters are given in 

Table 1 for Angus, Brahman, and Holstein calves. The geometric means across all breeds were 

as follows: t1/2 across breeds was 28.5 hours (range: 12.3 – 188.0), AUC0-inf was 48,568.6 

ng·h/mL (range: 24,402 – 330,012.7), and CMax was 1,358 ng/mL (range: 827 – 4,708). The 
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median TMax across all breeds was 8 hours (range: 4 - 16). Parallel bioequivalence results for 

breed comparisons are summarized in Table 2. 
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Figure 2.1  (a) Linear and (b) semilogarithmic plots of mean meloxicam concentration-versus-time profiles after a single oral dose of 

meloxicam (1 mg/kg) to Angus (n=25), Brahman (n=25) and Holstein (n=27) bull calves (3-5 months of age). Mean concentrations 

were calculated using arithmetic means. Error bars represent the standard deviation.  
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Table 1  Pharmacokinetic parameters for meloxicam determined from noncompartmental analysis in Angus (n=25), Brahman (n=25), 

and Holstein (n=27) bull calves administered a single oral dose (1 mg/kg). 

Mean Range %CV Mean Range %CV Mean Range %CV

AUC0-inf (ng⋅h/mL) 42624.74
24401.95- 

99030.32
39.17 74606.34

26403.2- 

330012.73
65.76 36833.13

26693.99- 

61197.37
23.84

% extrapolated AUC 0.78 0.11- 25.89 306.04 1.8 0.11- 40.73 368.44 1.15 0.12- 20.12 307.9

AUC0-tlast (ng⋅h/mL) 41390.54
24339.19- 

94116.5
34.8 69891.17

26403.2- 

241523.75
55.64 35627.23

21323.3- 

59447.6
25.47

CMax (ng/mL) 1186.65
845.63- 

1645.6
19.15 1805.14

1076.15- 

4708.35
41.84 1182.78

826.63- 

2839.9
24.18

Dose (mg) 342.7 225-405 12.2 233.2 195- 285 11.19 213.01 150- 240 9.48

T1/2 (h) 24.85 16.18- 73.5 41.68 31.7 12.32- 124.88 62.08 29.44 16.45- 188.01 61.77

kel (1/h) 0.028 0.0094- 0.043 41.68 0.022 0.0056- 0.056 62.08 0.024 0.0037- 0.042 61.77

MRT0-inf (h) 36.01 26.46- 89.8 32.77 46.27 22.5- 185.92 54.29 36.88 23.76- 113.95 30.74

TMax* (h) 10 6- 16 23.51 10 5- 16 30.64 8 4- 16 30.94

AUC0-inf/dose ((ng⋅h/mL)/mg)
124.38

108.45- 

244.52 43.89 319.92

135.40- 

1157.93 63.01 172.91

177.96- 

254.99 28.68

CMax/dose ((ng/mL)/mg) 3.46 3.76- 4.06 23.62 7.74 5.52- 16.52 40.19 5.55 5.51- 11.83 30.85

Angus Brahman Holstein
Parameter

 

*Categorical variable displays median instead of geometric mean. 

Abbreviations and units of measurement: %CV = Geometric coefficient of variation; AUC0-inf, area under the curve from 0 to ∞ 

(ng⋅h/mL); % extrapolated AUC, percentage of the area under the curve that is extrapolated; AUC0-tlast, observed area under the curve 

to the last measured time point (ng⋅h/mL);CMax, maximum plasma concentration (ng/mL); Dose (mg), t1/2, elimination half-life (h); kel, 

elimination rate constant (1/h), MRT0-inf, mean residence time extrapolated from 0 to ∞ (h); TMax, time to maximum plasma 

concentration (h); AUC0-inf/dose, the area under the curve from 0 to ∞ per unit dose ((ng⋅h/mL)/mg); CMax/dose, the maximum plasma 

concentration per unit dose ((ng/mL)/mg). 
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Table 2  Parallel bioequivalence calculations for log-transformed pivotal pharmacokinetic 

parameters for comparison of Angus (n=25), Brahman (n=25), and Holstein (n=27) bull calves 

administered a single oral dose of meloxicam (1 mg/kg). 

Parameter

Test: 

Reference 

Ratio

90% Confidence Interval 

Range
BE Criteria Met

AUC0-inf (ng⋅h/mL) 175.03 (137.88, 222.19) No

AUC0-tlast (ng⋅h/mL) 168.86 (137.07, 208.01) No

CMax (ng/mL) 152.12 (130.9, 176.77) No

T1/2 (h) 127.58 (100.92, 161.28) No

TMax (h) 91.51 (79.49, 103.52) No

Parameter

Test: 

Reference 

Ratio

90% Confidence Interval 

Range
BE Criteria Met

AUC0-inf (ng⋅h/mL) 86.41 (74.5, 100.23) No

AUC0-tlast (ng⋅h/mL) 86.08 (74.86, 98.97) No

CMax (ng/mL) 99.67 (90.2, 110.14) Yes

T1/2 (h) 118.51 (94.39, 148.78) No

TMax (h) 79.37 (68.3, 90.43) No

Parameter

Test: 

Reference 

Ratio

90% Confidence Interval 

Range
BE Criteria Met

AUC0-inf (ng⋅h/mL) 49.37 (39.73, 61.35) No

AUC0-tlast (ng⋅h/mL) 50.98 (42, 61.87) No

CMax (ng/mL) 65.52 (56.06, 76.58) No

T1/2 (h) 92.89 (71.26, 121.08) No

TMax (h) 86.73 (73.67, 99.8) No

Holstein (test) vs Angus (reference)

Brahman (test) vs Angus (reference)

Holstein (test) vs Brahman (reference)
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Since metabolic ratios could not be calculated as indirect markers of CYP activity, t1/2 

was employed as a surrogate marker for metabolic variability A frequency histogram and probit 

plot of log-transformed t₁/₂ values for all calves and by breed are shown in Figure 2.2a–h. 

Normality was assessed using the Shapiro-Wilk test. The overall distribution was non-normal (W 

= 0.89212, p = 8.198e-06), and this was also the case for Angus (W = 0.84815, p-value = 

0.001624) and Holstein (W = 0.84942, p-value = 0.00112). Brahman data did not significantly 

deviate from normality (W = 0.94822, p-value = 0.2285). Visual inspection of the histograms 

and probit plots suggesting a mixed distribution, with evidence of breaks in linearity at the 

phenotypic extremes for all breeds and the overall dataset.91  

A total of 18 outliers were identified across the three breeds (Angus n=5, Brahman n=7, 

Holstein n=6). Among these, the observed t1/2 for outliers range from 16.18-17.15 hours to 66.84-

73.5 hours in Angus calves, 12.32-17.38 hours to 60.04-124.88 hours in Brahman calves, and 

16.45-17.62 hours to 58.57-188.01 hours in Holstein calves. A letter-value plot for each breed is 

shown in Figure 2.3 to visualize the log-transformed t₁/₂ data and geometric means. 
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Figure 2.2  Distribution of log-transformed elimination half-lives (t1/2) of meloxicam determined in Angus (n=25), Brahman (n=25), 

and Holstein (n=27) bull calves administered a single oral dose (1 mg/kg). (a) histogram of all breeds; (b) histogram of Angus; (c) 

histogram of Brahmans; (d) histogram of Holsteins; (e) probit plot of all breeds; (f) probit plot of Angus; (g) probit plot of Brahmans; 

(h) probit plot of Holsteins. Anti-modes are indicated by gray lines in the probit plots. 
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Figure 2.3  Letter value plot comparing log-transformed half-lives of meloxicam in Angus 

(n=25), Brahman (n=25), and Holstein (n=27) bull calves following single dose oral 

administration (1 mg/kg). Dashed lines correspond to the geometric means for each breed. 
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 2.4 Discussion 

This study evaluated the effect of breed on the pharmacokinetics of orally administered 

meloxicam (1 mg/kg) in Angus, Brahman, and Holstein bull calves. In the U.S., no FDA-

approved analgesic therapies are currently labeled for the mitigation of pain associated with 

castration in cattle, highlighting a critical gap in food animal pain management. While breed-

related differences in drug disposition have been documented in cattle for a small number of 

drugs, including ivermectin, this is the first study to assess breed effects on meloxicam 

pharmacokinetics.53,94 Importantly, in the absence of clinically meaningful differences in drug 

exposure for cattle, we employed bioequivalence analysis rather than traditional difference 

testing to compare pharmacokinetic parameters across breeds in an attempt to detect clinically 

potentially meaningful differences between breeds. The results of this study demonstrate that 

meloxicam disposition is not bioequivalent among Angus, Holstein, and Brahman breeds, with 

the exception of CMax values between Angus and Holstein calves (both B. taurus). 

Previous studies examining meloxicam pharmacokinetics in cattle have predominantly 

focused on the Holstein breed. In these Holstein studies, the t1/2 ranged from approximately 8.4 

to 65.3 hours, representing a 7.8-fold variability.21–23 In the current study, the t1/2 in Holstein 

calves ranged from 16.5 to 188 hours, representing an 11.4-fold variability. This study examined 

27 Holstein calves, a larger sample size compared to previous meloxicam pharmacokinetic 

studies in cattle, which included 6 to 12 animals.9 The increased sample size may provide a more 

accurate representation of the Holstein bull calf population, although all calves in this study were 

sourced from a single supplier in Missouri, and their genetic relatedness was unknown. Future 

studies examining intra-breed variability should endeavor to include animals from multiple 

geographic and genetic backgrounds.  
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When comparing pharmacokinetic parameters, Holstein calves in this study exhibited an 

average dose-normalized AUC0-inf of 172.92 (ng·h/mL)/mg and a dose-normalized CMax of 5.55 

(ng/mL)/mg, both notably lower than those derived from previous studies. For example, one 

study administering oral meloxicam (1 mg/kg) to six 3-month-old Holstein calves (~165 kg) 

reported an estimated dose-normalized AUC of 1044.19 (ng·h/mL)/mg and a CMax of 19.7 

(ng/mL)/mg, with a median TMax of 12 hours (range 10-12 hours) and t1/2 of 27.5 hours .21 

Similarly, another administered 0.5 mg/kg orally to six Holstein calves (4-7 months old, 95-168 

kg) reported a dose-normalized AUC0-inf of 1342 (h·ng/mL)/mg and a CMax of 30.2 (ng/mL)/mg, 

with a median TMax of 18 hours (range 10-24 hours) and t1/2 of 29.9 hours..23 In both studies, 

meloxicam tablets were crushed and administered in water via a stomach tube, while in the 

current study, intact meloxicam tablets were administered in a gelatin bolus. Interestingly, 

despite differences in administration method and animal body weight, the median TMax in the 

current study was 8 hours (range 4-16 hours) and the average t1/2 was 29.4 hours, which was 

similar to the first comparator studies.21,23 The comparable TMax values across studies suggests 

that the rate of absorption was similar, indicating that the gelatin bolus delivered the meloxicam 

for systemic absorption. Had the bolus failed to fully dissolve or resulted in delayed absorption, a 

lower CMax, prolonged TMax, and similar AUC0-inf would have been expected. The lower AUC0-inf 

observed in the present study, despite similar TMax and t1/2 values, suggests that factors other than 

absorption rate, such as inter-individual variability in bioavailability, may have contributed to the 

differences in drug exposure between studies. Because the majority of published studies on 

meloxicam pharmacokinetics have been conducted in Holstein cattle, comparisons across these 

studies are more robust for this breed than for Angus or Brahman cattle, making further 

investigation intro breed-specific variability in these other cattle breeds particularly important. 
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Breed-specific variability in drug disposition was evident in this study. When comparing 

t1/2, AUC0-inf, and CMax values, Brahman calves consistently exhibited higher values than 

Holstein and Angus calves. The intra-breed variability for t1/2 was markedly greater in Brahman 

and Holstein calves, with a 10.1-fold range in Brahmans and 11.4-fold range in Holsteins, 

compared to a narrower 4.5-fold range in Angus calves. Greater intra-breed variability for 

Brahman compared to Holstein and Angus calves for AUC0-inf and CMax values were also 

observed. For AUC0-inf, variability was 12.5-fold in Brahmans, 4.1-fold for Angus, and 2.3-fold 

for Holsteins. For CMax, the variability was 4.4-fold for Brahman, 4.3-fold for Holstein, and 1.9-

fold for Angus calves. These findings may suggest that variability in drug elimination and 

systemic exposure may be more pronounced in certain breeds. 

Comparable breed- and sister species-related pharmacokinetic differences have been 

reported in ivermectin, where Tabapuã (B. indicus) cattle showed higher AUC, CMax, and t1/2 

values than Angus cattle.53 The authors of the study speculated that differences in fat 

composition and intestinal p-glycoprotein might explain these findings.53 Although meloxicam 

and ivermectin differ in their physiochemical properties, both drugs undergo CYP-mediated 

metabolism, albeit to different extents.53,95 About 50% of ivermectin residues in cattle are 

metabolites formed by CYP enzymes, breed differences in metabolism likely contribute as 

well.95,96 Supporting this, a follow-up tissue residue study that did not measure metabolites found 

higher hepatic parent ivermectin concentration necessitating longer withdrawal times in Nelore 

(B. indicus) cattle compared to Angus x Nelore crosses. The elevated parent compound 

concentrations in the liver, which contains the highest concentration of ivermectin metabolites of 

all tissues and accounts for 23% of radioactive ivermectin residues in cattle, may reflect breed-

related differences in hepatic metabolism.54,96 Taken together, the observed pharmacokinetic 
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differences in this study likely reflect a combination of physiological factors and breed-related 

genetic differences in drug metabolism, warranting further investigations to clarify their 

respective contribution and potential clinical implications in additional drugs used in cattle. 

Although the LC-MS/MS method used in this study was developed and validated to 

quantify the meloxicam metabolites 5’-hydroxy meloxicam and 5’-carboxy meloxicam with 80- 

and 8-fold greater sensitivity, respectively, than a previously published HPLC method validated 

for rat plasma, neither metabolite was quantifiable in the plasma samples collected.97 This was 

unexpected given prior evidence from EMA filings indicating that cattle produce both 

metabolites, and that their plasma and excreta metabolite profiles are qualitatively similar to 

those observed in rats.31 In rats administered meloxicam orally at 2 mg/kg, 5’-hydroxy 

meloxicam and 5’-carboxy meloxicam were detected in plasma at concentrations ranging from 

approximately 7-33 ng/mL and 2.5-8.5 ng/mL, respectively.97 In contrast, consistent with our 

findings, a metabolic profiling study in cats reported no detectable metabolites in plasma; only 

the parent drug was observed, with metabolites only measurable in urine and feces.79 The EMA 

filing for cattle also noted a polar metabolite, referred to as “metabolite 1”, comprising 18% of 

the administered dose in urine, though no structural details were provided.31 Interestingly, 

Boehringer Ingelheim, the drug sponsor for the EMA submission, conducted metabolic profiling 

across species and identified a polar metabolite in humans, also referred to as “metabolite 1,” 2-

[hydroxyacetyl)amino]-5-thiazolecarboxylic acid, thought to be produced from 5’-carboxy 

meloxicam.31,98–100 The absence of detectable metabolites in plasma, despite the sensitivity of our 

analytical method, suggests that meloxicam metabolites may be rapidly eliminated. In vitro 

studies using bovine liver microsomes and hepatocytes are needed to better characterize 

meloxicam metabolism in cattle. Given that approximately 50% of an administered dose is 
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eliminated in urine, future studies should prioritize urine-based analyses of parent-to-metabolite 

ratios to assess metabolic phenotypes, consistent with established practices in human medicine, 

such as the use of dextromethorphan/dextrorphan urinary ratios to evaluate CYP2D6 activity.80 

Given the absence of quantifiable plasma metabolites, the study pivoted to using t1/2 as a 

surrogate marker for metabolic variability rather than the planned parent-metabolite ratios. 

Outlier analysis based on t1/2 identified a greater number of outliers in Brahman (n=7) 

and Holstein (n=6) calves compared to Angus (n=5). Additionally, as mentioned above, the 

intra-breed variability in t1/2 was markedly greater in Brahman and Holstein calves than Angus 

calves, with Angus displaying a narrower range of t1/2 and fewer outliers, suggesting more 

consistent drug disposition in this breed. In contrast, the higher frequency of both long and short 

t1/2 in Holstein and Brahman calves may reflect underlying genetic polymorphisms affecting 

drug metabolism. While trends in the probit plot suggested a mixed distribution pattern, larger 

sample sizes for each breed would be robustly characterized phenotypes, as human phenotyping 

studies typically enroll a few hundred participants to reliably define population distributions.101  

Genetic polymorphisms influencing drug metabolism are not uniformly distributed across 

breeds or populations, potentially contributing to interindividual and inter-breed variability in 

drug disposition and therapeutic responses.102 Some breeds may have a larger proportions of 

individuals with exceptionally rapid or slow meloxicam metabolism as has been noted in human 

studies.102 Notably, the potential for distinct metabolizer phenotypes based on t1/2 has been 

previously described in Holsteins. This study is the first to document outliers in both Brahman 

and Angus calves. One prior investigation of subcutaneous meloxicam pharmacokinetics in 

postpartum dairy cows observed three distinct elimination phased in concentration-time profiles: 

rapid, intermediate, and slow, which may correspond to metabolizer phenotypes.81 Other studies 
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have reported individual outliers with markedly prolonged (43.29 hours) or shortened (9.7 hours) 

t1/2 values compared to study means, attributing such variability to potential polymorphisms in 

CYP genes.21,23 Further research is warranted to determine whether underlying genetic 

mechanisms account for these outliers, and if so, whether such polymorphisms occur at 

meaningful frequencies and have clinically significant effects on drug disposition and response. 

This study is not without limitations. The cattle representing each breed were sourced 

from limited geographic locations and may not fully reflect the genetic diversity of their 

respective breeds. As such, extrapolation of these findings across broader breed populations 

should be made with caution. Additionally, the study did not evaluate clinical outcomes, 

precluding conclusions about the therapeutic relevance of the observed pharmacokinetic 

differences. While bioequivalence analysis was employed under the assumption that lack of 

bioequivalence may indicate a potential for clinical difference, this cannot be confirmed without 

efficacy data. The original study design aimed to evaluate parent to metabolite ratios as markers 

of metabolism, but these metabolites were undetectable in plasma. In response, t1/2 was used as a 

surrogate for metabolic clearance. However, because t1/2 is influenced by both clearance and 

volume of distribution, and without intravenous data to estimate clearance independent of 

bioavailability, the observed intra-breed variability in t₁/₂ must be interpreted cautiously. Finally, 

this study focused exclusively on bull calves, and the effects of sex, age, or physiological status 

on meloxicam pharmacokinetics among breeds remains unknown. As such, it is unclear whether 

the breed-related differences identified here would extend to females, adult animals, or cattle 

under diseased or stressed conditions. 

Despite these limitations, this study provides novel insights into breed-related 

pharmacokinetic differences in cattle and underscores the importance of considering intrinsic 
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factors when evaluating drug disposition in food animals. The absence of FDA-approved 

analgesic options for the mitigation of castration-associated pain in U.S. cattle further amplifies 

the clinical and regulatory relevance of this work. Our results suggest a one-size-fits-all approach 

to meloxicam dosing in cattle may be suboptimal and that breed-specific or individualized 

dosing strategies could improve therapeutic outcomes and reduce violative drug residues. Future 

investigations should prioritize the evaluation of drug disposition in additional breeds, age 

groups, and physiological states, including diseased animals. The potential need for breed-

specific withdrawal times also warranted exploration. Moreover, integrating pharmacodynamic 

endpoints will be critical for establishing the clinical significance of pharmacokinetic variability. 

Finally, efforts to elucidate the genetic basis for interindividual variability in meloxicam 

metabolism may inform breed-specific dosing strategies and support regulatory efforts aimed at 

improving pain management practices in food animals and human food safety. 
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Chapter 3 - Are Meloxicam Pharmacokinetics Bioequivalent When 

Administered to Calves Before vs During Surgical Castration? 

 3.1 Introduction 

Castration is a common and necessary management practice in the cattle industry 

performed to reduce aggressive behavior, improve meat quality, and facilitate animal handling; 

however, it is a highly stressful and painful procedure for the animals, eliciting nociceptive, 

inflammatory, and stress responses.2–7 In recent year, consumer concern for animal welfare and 

evolving industry standards have driven growing interest in identifying effective pain 

management strategies for routine husbandry procedures.8 Among available pharmacological 

options, non-steroidal anti-inflammatory drugs (NSAIDs) are frequently administered to mitigate 

pain and inflammation in calves undergoing castration. Although there is general consensus that 

NSAIDs improve welfare outcomes for painful husbandry procedures in cattle, there are 

currently no FDA-approved NSAIDs for this specific indication in the United States, and optimal 

analgesia protocols remain under investigation.8 

In both human and veterinary medicine, characterization of drug pharmacokinetics is 

typically conducted in healthy research subjects, with the implicit assumption that the resulting 

dose-exposure relationships will adequately reflect those occurring in the intended patient 

population.103 However, there is ample evidence that this assumption may not hold true.103 

Pathophysiological states such as pain, inflammation, and stress can influence drug absorption, 

distribution, metabolism, and elimination, potentially altering pharmacokinetics in a clinically 

relevant manner.64,65 Despite this, few veterinary studies have examined how these factors 

influence drug disposition in animals undergoing clinical procedures or experiencing these 

conditions. This knowledge gap may have important implications for pain management strategies 
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in cattle, where procedures like castration trigger marked physiological changes that could 

influence drug pharmacokinetics. 

Meloxicam, a preferential cyclooxygenase-2 (COX-2) inhibitor NSAID with anti-

inflammatory and analgesic properties commonly used in veterinary medicine to manage pain 

associated with surgical and inflammatory conditions.8,13 Its pharmacokinetic profile is 

characterized by high oral bioavailability, a long half-life, and extensive protein binding.15,16 

These features contribute to prolonged analgesic effects, making it a popular choice for 

managing pain associated with castration.15,16 However, physiological alterations induced by 

castration, including acute inflammation, tissue trauma, endocrine stress responses, altered blood 

flow, altered gastrointestinal motility, and augmentation in plasma proteins, could possibly affect 

the absorption and distribution of meloxicam.6,65,66,74 Additionally, inflammatory cytokines and 

mediators, released during acute inflammation, such as prostaglandins, are known to module 

cytochrome P450 (CYP) enzymes, which are responsible for the metabolism of many drugs, 

including meloxicam.63,64 While meloxicam pharmacokinetics have been described in healthy 

calves, the potential impact of surgical castration on meloxicam disposition has not been 

investigated. 

The objective of this study was to compare the pharmacokinetics of oral meloxicam 

administered to bull calves prior to and again at the time of surgical castration. In the absence of 

established clinically significant exposure thresholds for meloxicam in cattle, bioequivalence 

criteria were applied to assess differences in meloxicam disposition between these two 

physiologic states. The findings from this study will contribute to the evidence base for 

developing effective, evidence-based pain management protocols for castration in cattle. 
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 3.2 Materials and Methods 

 3.2.1 Animals and Housing 

This study was approved by the Kansas State University Institutional Animal Care and 

Use Committee (IACUC #4661). Following a minimum 14-day washout period from prior drug 

administration, 41 bull calves (Angus, n = 15; Brahman, n = 12; and Holstein, n = 14) from the 

study described in Chapter 2 were enrolled in this study. Enrollment numbers reflect the 

simultaneous conduct of a complementary study evaluating the effect of breed on the ability of 

meloxicam to attenuate castration pain, which informed the available population. 

 3.2.2 Experimental Design and Sample Collection 

This study used a 2-period, open-treatment, single-sequence design. FDA Center for 

Veterinary Medicine and the International Cooperation on Harmonization of Technical 

Requirements for Registration of Veterinary Medicinal Products recommends that a minimum of 

6 animals be enrolled in a blood level crossover bioequivalence study.86 In the absence of 

previously published crossover data for meloxicam pharmacokinetics in cattle, an intra-subject 

coefficient of variation of 30% (representing the intrasubject coefficient of variation cutoff for a 

highly variable drug used by the FDA) was used. The sample size for a crossover bioequivalence 

design, with an acceptance range of 0.8-1.25 and a 𝜇2/𝜇1 value of 1.0 (indicating no difference), 

was estimated to be 32 animals to achieve 80% power at an α value of 0.05. Since additional 

animals were enrolled in the complementary study conducted concurrently with this study, 

additional animals were included in the study (n=41). 

As outlined in section 2.2.2, the process for group stratification, catheter placement, drug 

administration, and blood collection and processing were consistent between studies. Cohort 

assignments from the study described in Chapter 2 were maintained. Each calf received a single 
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oral dose of meloxicam (1 mg/kg), ranging from 150 to 480 mg, administered via balling gun, 

immediately prior to surgical castration (t = 0 hours). Blood samples were collected beginning at 

the time of dosing and continued for up to 168 hours post-administration. 

Two experienced large animal clinicians from the Kansas State University Livestock 

Services section performed all surgical castrations using the same protocol. All castrations were 

performed with the calves standing in a hydraulic chute for restraint without systemic sedation or 

general anesthesia. Lidocaine (2%) was injected subcutaneously in three points around the 

scrotum (5-10 mL total). A scalpel was used to incise the distal 1/3 of the scrotum. Through 

blunt dissection of the testes, the spermatic cord was extracted, stripped, and twisted to complete 

the castration procedure. Instruments were dunked in a chlorhexidine disinfectant solution in 

between animals. Iodine was applied to the incision, which was left open to heal by second 

intention. The area was sprayed with a wound-safe fly repellent. 

 3.2.3 Plasma Meloxicam Analysis 

Meloxicam working stocks, plasma standard solutions, and QCs were prepared as 

described in section 2.2.3. The same LC-MS/MS system was used to determine meloxicam 

plasma concentrations, and the acceptance criteria were identical to that previously described. 

3.2.4 Pharmacokinetic and Statistical Analyses 

 3.2.4 Pharmacokinetic and Statistical Analyses 

Pharmacokinetic, bioequivalence, and descriptive statistical analyses were performed 

using the same software and approaches described in Section 2.2.4. Individual plasma 

concentration-time data were analyzed using noncompartmental analysis (PKAnalix version 

2024R1, Lixoft, Antony, France) to determine the same pharmacokinetic parameters as in 

Chapter 2, including AUC0-last, AUC0-∞, CMax and TMax, AUC%Ex, λz, t1/2 and MRT. As in 
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Chapter 2, plasma concentrations below the LLOQ or from missed samples were treated as 

missing. Plasma concentration-time profiles are presented as arithmetic mean ± standard 

deviation. Pharmacokinetic parameters, except for TMax, are reported as the geometric mean, 

geometric mean coefficient of variation (%CV), and range. As a categorical variable, TMax is 

presented as the median and range. 

In the current study, a crossover bioequivalence model was used to assess within-animal 

differences in meloxicam pharmacokinetics before and at the time of surgical castration. Pre-

castration data (Chapter 2) served as the reference condition, and data collected at the time of 

castration served as the test condition. Bioequivalence analysis focused on the pivotal parameters 

(AUC0-last, AUC0-∞, CMax and TMax, and t1/2) and were considered bioequivalent if the 90% 

confidence intervals of the geometric mean ratio (castration:pre-castration) for the log-

transformed values fell within the FDA-defined bioequivalence range of 0.8 to 1.25.86 

 3.3 Results 

Following the washout period, 41 individual cattle were orally administered 1 mg/kg 

meloxicam again to investigate differences in drug disposition as a result of castration. One 

Angus calf died on day 6 of the study, and necropsy findings were consistent with bovine 

respiratory disease. One Holstein calf was removed from the study on day 4. Data from both 

calves were included in the study. 

The mean plasma meloxicam concentration-time profiles for meloxicam are shown in 

Figure 3.1. The pre-and post-castration pharmacokinetic parameters are reported in Table 3. 

AUC0-inf, AUC0-tlast, and CMax were greater in the post-castration samples, but t1/2 was shorter 

following castration. Crossover bioequivalence results are summarized in Table 4 as a ratio and 

90% confidence interval range for AUC0-inf, AUC0-tlast, CMax, t1/2, and TMax., in which each 
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parameter investigated lacked bioequivalence in calves before and after surgical castration, 

except for TMax. 
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Figure 3.1  (a) Linear and (b) semilogarithmic plots of arithmetic mean meloxicam concentration-versus-time profiles after a single 

oral dose of meloxicam (1 mg/kg) to bull calves (n=41) before castration (REF) and at the time of castration (CAST) following a 14-

day washout period. Error bars represent the standard deviation. 
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Table 3  Pharmacokinetic parameters for meloxicam determined from noncompartmental analysis in Angus (n=15), Brahman (n=12), 

and Holstein (n=14) calves administered a single oral dose (1 mg/kg) during surgical castration. 

Mean Range % CV Mean Range % CV

AUC0-inf (ng⋅h/mL) 49090.1 26586.7- 330013 51.69 62398.6 27651.4- 137223 37.84

% extrapolated AUC 0.99 0.13- 26.81 287.13 0.49 0.063- 6.63 213

AUC0-tlast (ng⋅h/mL) 47464.9 21302.2- 241524 48.11 61701.3 26112.1- 133640 38.35

Cmax (ng/mL) 1379.88 845.63- 4708.35 39.6 1893.85 1000.2- 3351.45 28.73

Dose (mg) 261.14 150- 405 24.78 293.87 210- 480 23.89

T1/2 (h) 27.76 16.41- 185 57.02 19.69 9.29- 54.13 37.35

kel (h
-1

) 0.025 0.0037- 0.042 57.02 0.035 0.013- 0.075 37.35

MRT0-inf (h) 38.55 23.76- 126.78 38.77 33.1 19.46- 53.27 25.27

Tmax (h) * 8 6- 16 27.18 10 4- 36 46

AUC0-inf/dose ((ng⋅h/mL)/mg) 187.98 177.2- 814.8 2.09 212.33 131.7- 285.9 1.58

Cmax/dose ((ng/mL)/mg) 5.28 5.6- 11.6 1.6 6.44 4.8- 6.98 1.2

Parameter
Pre-Castration Post-Castration

 

*Categorical variable displays median instead of geometric mean. 

Abbreviations and units of measurement: %CV = Geometric coefficient of variation; AUC0-inf, area under the curve from 0 to ∞ 

(ng⋅h/mL); % extrapolated AUC, percentage of the area under the curve that is extrapolated; AUC0-tlast, observed area under the curve 

to the last measured time point (ng⋅h/mL);CMax, maximum plasma concentration (ng/mL); Dose (mg), t1/2, elimination half-life (h); kel, 

elimination rate constant (1/h), MRT0-inf, mean residence time extrapolated from 0 to ∞ (h); TMax, time to maximum plasma 

concentration (h); AUC0-inf/dose, the area under the curve from 0 to ∞ per unit dose ((ng⋅h/mL)/mg); CMax/dose, the maximum plasma 

concentration per unit dose ((ng/mL)/mg). 
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Table 4  Average bioequivalence estimates for log-transformed pivotal pharmacokinetic 

parameters following oral administration of meloxicam (1 mg/kg) to bull calves (n= 41) in a 

crossover design. Comparisons were made between pre-castration (reference) and castration 

(test) conditions, with a minimum 14-day washout period treatments. 

Parameter Ratio 90% CI Range BE Criteria Met 

AUC0-inf (ng⋅h/mL) 127.11 (110.79, 145.83) No

AUC0-tlast (ng⋅h/mL) 129.99 (113.91, 148.35) No

CMax (ng/mL) 137.25 (122.47, 153.81) No

T1/2 (h) 70.91 (60.13, 83.63) No

TMax (h) 108.59 (95.03, 122.14 ) Yes

Castrated vs Reference

 

 3.4 Discussion 

This study evaluated the effect of surgical castration on the pharmacokinetics and 

bioequivalence of orally administered meloxicam (1 mg/kg) in male calves, using a crossover 

design to compare drug disposition before and at the time of the procedure. Effective pain 

management in cattle remains complicated by the absence of FDA-approved analgesics labeled 

specifically for husbandry procedures such as castration.9 An often overlooked issue in 

veterinary medicine is the assumption that pharmacokinetic data obtained from healthy animals 

can be directly applied to clinical populations experiencing altered physiology.103 This study 

addresses that critical gap by assessing whether meloxicam pharmacokinetics remain 

bioequivalent when administered prior to versus at the time of surgical castration. The findings 

demonstrate that meloxicam pharmacokinetics are not bioequivalent when administered during 

castration, underscoring the importance of disposition in the target population to inform 

evidence-based pain management strategies. 

When comparing oral meloxicam pharmacokinetics administered at the time of surgical 

castration in calves to a previous study, our results align with and expand upon those of 

Meléndez et al., which examined meloxicam pharmacokinetics in 12, 7-8-month-old Angus cross 
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calves (1 mg/kg PO) undergoing surgical castration.15 In the current study, the post-castration 

AUC0-inf/dose was 212.33 (ng·h/mL)/mg, and CMax/dose was 6.44 (ng/mL)/mg with Meléndez et 

al. reporting an AUC0-inf/dose was 291 (ng·h/mL)/mg, and CMax/dose was 7.1 (ng/mL)/mg.15 The 

average t1/2 in the Meléndez study was 15.6 hours and while the t1/2 of this study was slightly 

longer at 19.7 hours, it was within the range of reported values.15 The median TMax in the current 

study was 10 hours which was considerably earlier than the 24 hours reported previously.15 

Notably, the population in the current study was larger and more diverse, incorporating three 

breeds and two sister species, providing a broader representation of the male calf population. 

In this study, AUC and CMax were elevated when meloxicam was administered at the time 

of castration, while the t1/2 was shorter compared to the pre-castration state. TMax remained 

bioequivalent. Although veterinary literature evaluating the effect of surgery, pain, and 

inflammation on NSAID disposition is limited, findings from this study align with existing data 

while also diverging in meaningful ways. For example, A pilot study in eight dogs undergoing 

ovariohysterectomy assessed intravenous meloxicam pharmacokinetics administered during the 

procedure and 10 days prior. While no statistically significant differences were found, trends 

included increased AUC0-inf and decreased t1/2 during surgery, attributed to an approximate 25% 

decrease in clearance and a 43% decrease in volume of distribution.73 Notably, since meloxicam 

was administered orally in the present study, the clearance and volume of distribution could not 

be directly assessed. Furthermore, comparing apparent clearance (CL/F and apparent volume of 

distribution (Vd/F) would be inappropriate given the differences in AUC, implying 

bioavailability (F) may have varied between pre- and at the time of castration. The 

ovariohysterectomy study also speculated that altered meloxicam protein binding, possibly due 

to drug-drug or drug-hormone interactions during surgery, may have contributed to observed 
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changes, as they ruled out changes in serum albumin between states.73 Drug-drug interactions 

were unlikely in the present study where only local lidocaine was administered. No explanation 

was given by the authors of the ovariohysterectomy study as to why AUC was increased in dogs 

undergoing surgery.73 Like the present study, the ovariohysterectomy study shared the same 

limitation of a single-sequence design, potentially introducing a period effect, but was thought 

unlikely by the authors as they utilized a 10-day washout.73 The current study utilized a 

minimum of 14 days washout. 

In contrast, a study examining pharmacokinetics of transdermal flunixin meglumine, 

another NSAID, in 6-8-week old male Holstein calves undergoing cautery dehorning using a two 

sequence, two period crossover design found a significantly longer t1/2 and lower CMax during 

dehorning, while AUC and TMax did not differ.74 However, the 14-day washout used may have 

been insufficient given that lesions from cautery dehorning can take several weeks to heal.104 

Thus, animals that were dehorned first and then exposed to a sham dehorning treatment would 

have still been healing from the procedure, which may have obscured results. Additionally, 

differences in drug administration route (transdermal vs. oral) and physicochemical properties 

between the two NSAIDs likely contributed to the contrasting pharmacokinetic responses. 

The physiological changes induced by surgical castration, including stress, pain, 

inflammation, and possible alterations in gastrointestinal motility or protein binding, may, partly 

explain the observed changes in meloxicam disposition.28,65,70 While this study provides valuable 

insight into the impact of these effects, several limitations of this study should be acknowledged. 

Direct measures of stress, pain, or inflammation were not performed, precluding mechanistic 

evaluation of their pharmacokinetic impact. Additionally, serum albumin concentrations were 

not measured during each study period, and unbound (free) meloxicam concentrations were not 



53 

assessed, limiting conclusions about changes in protein binding or abundance. Lastly, because 

meloxicam was administered orally to better reflect field use, volume of distribution and 

clearance could not be directly evaluated to give more insight into which pharmacokinetic 

process was contributing to alteration of t1/2. 

This study demonstrated that surgical castration alters the pharmacokinetics of 

meloxicam in male calves, with increased AUC and CMax and a decreased t1/2 following 

administration at the time of castration. These findings suggest that stress, pain, and 

inflammation induced by castration may meaningfully influence drug disposition, potentially 

requiring adjustments to dosing regimens to optimize pain management. Future studies should 

explore the complex interactions between pathophysiological changes, protein binding, and drug 

metabolism to better understand how altered physiological states impact pharmacokinetics. 

Further research is also needed to determine whether similar effects occur in female cattle 

undergoing painful procedures or in animals with other inflammatory conditions. Collectively, 

these findings reinforce the importance of studying pharmacokinetics in the actual target 

population rather than extrapolating from healthy animals, as disposition changes under clinical 

conditions could impact therapeutic efficacy. Continued investigation into NSAID 

pharmacokinetics in stressed, inflamed, or clinically ill cattle is essential to advance evidence-

based, effective pain management protocols in livestock.   
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Chapter 4 - Discussion 

This thesis provides important new insights into the pharmacokinetics of orally 

administered meloxicam in calves, demonstrating that both breed and inflammatory state are 

significant determinants of drug disposition. In Chapter 2, pharmacokinetic analyses revealed 

non-bioequivalent meloxicam profiles among Angus, Holstein, and Brahman bull calves 

exhibited non-bioequivalent meloxicam disposition Notably, Brahman and Holstein calves 

exhibited longer elimination half-lives compared to Angus calves, suggesting potential breed-

specific differences in metabolic capacity or drug clearance mechanisms. These findings expand 

upon prior reports by evaluating breed effect under controlled conditions and identifying 

pharmacokinetic differences with potential implications for both analgesic efficacy and drug 

residue avoidance.  

In Chapter 3, surgical castration was shown to significantly alter meloxicam 

pharmacokinetics, resulting in a reduced t1/2, but enhanced extent of absorption relative to pre-

castration administration. This is the first controlled study to evaluate the impact of an acute 

inflammatory state on meloxicam disposition in calves. The findings underscore the importance 

of assessing pharmacokinetics in the target population, as physiological changes associated with 

inflammation and tissue injury can substantially modify drug absorption, distribution, 

metabolism, and excretion. 

Collectively, these data support the conclusion that intrinsic factors like breed and 

inflammatory state independently influence meloxicam pharmacokinetics in calves.9,15,20,21,23 

Importantly, while bioequivalence limits were exceeded in most pivotal parameter comparisons, 

further research is warranted to determine whether lack of bioequivalence translates to clinically 
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meaningful variations in analgesic efficacy or withdrawal intervals of different breeds or 

physiological states. 

Additionally, while this study focused on bull calves, expanding research to include 

additional breeds, females, younger calves, and adult cattle would further refine our 

understanding of how breed, sex, age, and physiologic state influence meloxicam 

pharmacokinetics. Continued study of how altered physiological states, such as disease or stress, 

affect drug disposition will also be important for informing evidence-based therapeutic protocols. 

Further investigations should incorporate urinary metabolite quantification and genomic 

sequencing to identify functional polymorphisms in cytochrome P450 genes associated with 

NSAID metabolism. Such research will be essential for developing breed-specific dosing 

strategies and withdrawal time guidelines, thereby improving pain management practices while 

ensuring food safety in cattle production systems.  

This thesis lays the groundwork for a more precision- and evidence-based approach to 

analgesic drug use in food animals and highlights the importance of accounting for genetic and 

physiologic variability when designing therapeutic protocols in livestock.   



56 

References 

1. Lyles JL, Calvo-Lorenzo MS. Bill E. Kunkle Interdisciplinary Beef Symposium: Practical 

developments in managing animal welfare in beef cattle: what does the future hold? J 

Anim Sci. 2013;92(12):5334-5344. Accessed March 19, 2025. 

https://pubmed.ncbi.nlm.nih.gov/25414101/ 

2. American Veterinary Medical Association. Literature Review on the Welfare Implications 

of Castration of Cattle. Published online July 15, 2014. 

3. Adcock SJJ, Tucker CB. Painful procedures: When and what should we be measuring in 

cattle? In: Advances in Cattle Welfare. Elsevier; 2018:157-198. doi:10.1016/B978-0-08-

100938-3.00008-5 

4. Molony V, Kent JE, Robertson IS. Assessment of acute and chronic pain after different 

methods of castration of calves. Appl Anim Behav Sci. 1995;46(1-2):33-48. 

doi:10.1016/0168-1591(95)00635-4 

5. Coetzee JF. A review of pain assessment techniques and pharmacological approaches to 

pain relief after bovine castration: Practical implications for cattle production within the 

United States. Appl Anim Behav Sci. 2011;135(3):192-213. 

doi:10.1016/J.APPLANIM.2011.10.016 

6. Dockweiler JC, Coetzee JF, Edwards-Callaway LN, et al. Effect of castration method on 

neurohormonal and electroencephalographic stress indicators in Holstein calves of 

different ages. J Dairy Sci. 2013;96(7):4340-4354. doi:10.3168/jds.2012-6274 

7. Costa JHC, Cantor MC, Adderley NA, Neave HW. Key animal welfare issues in 

commercially raised dairy calves: social environment, nutrition, and painful procedures. 

Can J Anim Sci. 2019;99(4):649-660. doi:10.1139/cjas-2019-0031 

8. Robles I, Arruda AG, Nixon E, et al. Producer and Veterinarian Perspectives towards Pain 

Management Practices in the US Cattle Industry. Animals. 2021;11(1):209. 

doi:10.3390/ani11010209 

9. de la Puente R, Diez R, Diez MJ, et al. Pharmacokinetics of Meloxicam in Different 

Animal Species: A Comprehensive Review. Vet Sci. 2024;11(11). 

doi:10.3390/vetsci11110519 



57 

10. U.S. Food and Drug Administration. Animal Medicinal Drug Use Clarification Act of 

1994 (AMDUCA).; 2024. https://www.ecfr.gov/current/title-21/chapter-I/subchapter-

E/part-530#530.12  

11. American Association of Bovine Practitioner. AABP Castration Guidelines.; 2024. 

https://aabp.org/committees/  

12. Fajt VR, Wagner SA, Norby B. Analgesic drug administration and attitudes about 

analgesia in cattle among bovine practitioners in the United States. J Am Vet Med Assoc. 

2011;238(6):755-767. doi:10.2460/javma.238.6.755 

13. Edwards SH. Nonsteroidal Anti-inflammatory Drugs in Animals Mode of Action of 

Nonsteroidal Anti-inflammatory Drugs in Animals. Merck Veterinary Manual. November 

2021. https://www.merckvetmanual.com/pharmacology/inflammation/nonsteroidal-anti-

inflammatory-drugs-in-animals  

14. Wagner BK, Nixon E, Robles I, Baynes RE, Coetzee JF, Pairis-Garcia MD. Non-Steroidal 

Anti-Inflammatory Drugs: Pharmacokinetics and Mitigation of Procedural-Pain in Cattle. 

Animals. 2021;11(2):282. doi:10.3390/ani11020282 

15. Meléndez DM, Marti S, Pajor EA, et al. Pharmacokinetics of oral and subcutaneous 

meloxicam: Effect on indicators of pain and inflammation after knife castration in weaned 

beef calves. PLoS One. 2019;14(5). doi:10.1371/journal.pone.0217518 

16. Cull CA, Rezac DJ, Dedonder KD, et al. Behavioral and performance response associated 

with administration of intravenous flunixin meglumine or oral meloxicam immediately 

prior to surgical castration in bull calves. J Anim Sci. 2022;100(5). 

doi:10.1093/jas/skac049 

17. Halter F. Cyclooxygenase 2---implications on maintenance of gastric mucosal integrity 

and ulcer healing: controversial issues and perspectives. Gut. 2001;49(3):443-453. 

doi:10.1136/gut.49.3.443 

18. PubChem. Meloxicam (Compound). 2021. 

https://pubchem.ncbi.nlm.nih.gov/compound/Meloxicam  

19. European Commission. Summary of the Opinion of the Committee for Medicinal Products 

for Veterinary Use (CVMP): Meloxicam (Metacam®). Accessed April 5, 2025. 

https://ec.europa.eu/health/documents/community-

register/2018/20180319140321/anx_140321_en.pdf  

https://www.ecfr.gov/current/title-21/chapter-I/subchapter-E/part-530#530.12
https://www.ecfr.gov/current/title-21/chapter-I/subchapter-E/part-530#530.12
https://aabp.org/committees/
https://www.merckvetmanual.com/pharmacology/inflammation/nonsteroidal-anti-inflammatory-drugs-in-animals
https://www.merckvetmanual.com/pharmacology/inflammation/nonsteroidal-anti-inflammatory-drugs-in-animals
https://pubchem.ncbi.nlm.nih.gov/compound/Meloxicam
https://ec.europa.eu/health/documents/community-register/2018/20180319140321/anx_140321_en.pdf
https://ec.europa.eu/health/documents/community-register/2018/20180319140321/anx_140321_en.pdf


58 

20. Fraccaro E, Coetzee JF, Odore R, et al. A study to compare circulating flunixin, 

meloxicam and gabapentin concentrations with prostaglandin E2 levels in calves 

undergoing dehorning. Res Vet Sci. 2013;95(1):204-211. doi:10.1016/j.rvsc.2013.01.018 

21. Coetzee JF, KuKanich B, Mosher R, Allen PS. Pharmacokinetics of intravenous and oral 

meloxicam in ruminant calves. Vet Ther. 2009;10(4):E1-8. 

22. Coetzee JF, Mosher RA, Kohake LE, et al. Pharmacokinetics of oral gabapentin alone or 

co-administered with meloxicam in ruminant beef calves. The Veterinary Journal. 

2011;190(1):98-102. doi:10.1016/j.tvjl.2010.08.008 

23. Mosher RA, Coetzee JF, Cull CA, Gehring R, Kukanich B. Pharmacokinetics of oral 

meloxicam in ruminant and preruminant calves. J Vet Pharmacol Ther. 2012;35(4):373-

381. doi:10.1111/j.1365-2885.2011.01331.x 

24. Kleinhenz MD, Van Engen NK, Gorden PJ, et al. The pharmacokinetics of transdermal 

flunixin meglumine in Holstein calves. J Vet Pharmacol Ther. 2016;39(6):612-615. 

doi:10.1111/jvp.12314 

25. U.S. Food and Drug Administration. Adequate Records Help Prevent Illegal Drug 

Residues and Ensure Food Safety. 

26. European Medicines Agency. Emdocam (meloxicam). 

27. Food Animal Residue Avoidance Databank (FARAD). ELDU and Withdrawal Time. 

28. Lees P, Landoni MF, Ciraudel J, Toutain PL. Pharmacodynamics and pharmacokinetics of 

nonsteroidal anti-inflammatory drugs in species of veterinary interest. In: Journal of 

Veterinary Pharmacology and Therapeutics. Vol 27. ; 2004:479-490. doi:10.1111/j.1365-

2885.2004.00617.x 

29. Chesne C, Guyomard C, Guillouzo A, Schmid J, Ludwig E, Sauter T. Metabolism of 

Meloxicam in human liver involves cytochromes P4502C9 and 3A4. Xenobiotica. 

1998;28(1):1-13. doi:10.1080/004982598239704 

30. Davies NM, Skjodt NM. Clinical Pharmacokinetics of Meloxicam. Clin Pharmacokinet. 

1999;36(2):115-126. doi:10.2165/00003088-199936020-00003 

31. EMEA. Scientific Discussion: Novem (Meloxicam).; 2006. 

32. Ahmed S, Zhou Z, Zhou J, Chen SQ. Pharmacogenomics of Drug Metabolizing Enzymes 

and Transporters: Relevance to Precision Medicine. Genomics Proteomics Bioinformatics. 

2016;14(5):298-313. doi:10.1016/j.gpb.2016.03.008 



59 

33. Iversen DB, Andersen NE, Dalgård Dunvald AC, Pottegård A, Stage TB. Drug 

metabolism and drug transport of the 100 most prescribed oral drugs. Basic Clin 

Pharmacol Toxicol. 2022;131(5):311-324. doi:10.1111/bcpt.13780 

34. Zanger UM, Schwab M. Cytochrome P450 enzymes in drug metabolism: Regulation of 

gene expression, enzyme activities, and impact of genetic variation. Pharmacol Ther. 

2013;138(1):103-141. doi:10.1016/j.pharmthera.2012.12.007 

35. Hossam Abdelmonem B, Abdelaal NM, Anwer EKE, et al. Decoding the Role of CYP450 

Enzymes in Metabolism and Disease: A Comprehensive Review. Biomedicines. 

2024;12(7). doi:10.3390/biomedicines12071467 

36. Tracy TS, Chaudhry AS, Prasad B, et al. Interindividual Variability in Cytochrome P450–

Mediated Drug Metabolism. Drug Metabolism and Disposition. 2016;44(3):343-351. 

doi:10.1124/dmd.115.067900 

37. Ingelman-Sundberg M. Pharmacogenetics of cytochrome P450 and its applications in drug 

therapy: the past, present and future. Trends Pharmacol Sci. 2004;25(4):193-200. 

doi:10.1016/J.TIPS.2004.02.007 

38. Shahbaz N, Iqbal Z, Fazli N, et al. Simultaneous Determination of Piroxicam and 5-

Hydroxypiroxicam: HPLC/UV Method Development, Validation and Application for 

Pharmacokinetic Evaluation in Pakistani Population. Vol 40.; 2018. 

https://www.researchgate.net/publication/328021458  

39. Helmy SA, El-Bedaiwy HM. Piroxicam immediate release formulations: A fasting 

randomized open-label crossover bioequivalence study in healthy volunteers. Clin 

Pharmacol Drug Dev. 2014;3(6):466-471. doi:10.1002/cpdd.106 

40. Utsunomiya YT, Milanesi M, Fortes MRS, et al. Genomic clues of the evolutionary 

history of Bos indicus cattle. Anim Genet. 2019;50(6):557-568. doi:10.1111/age.12836 

41. Al Kalaldeh M, Swaminathan M, Podtar V, et al. Detection of genomic regions that 

differentiate Bos indicus from Bos taurus ancestral breeds for milk yield in Indian 

crossbred cows. Front Genet. 2023;13. doi:10.3389/fgene.2022.1082802 

42. Hiendleder S, Lewalski H, Janke A. Complete mitochondrial genomes of Bos taurus and 

Bos indicus provide new insights into intra-species variation, taxonomy and 

domestication. Cytogenet Genome Res. 2008;120(1-2):150-156. doi:10.1159/000118756 

https://www.researchgate.net/publication/328021458


60 

43. Mwai O, Hanotte O, Kwon YJ, Cho S. - Invited review - African indigenous cattle: 

Unique genetic resources in a rapidly changing world. Asian-Australas J Anim Sci. 

2015;28(7):911-921. doi:10.5713/ajas.15.0002R 

44. Lawless N, Reinhardt TA, Bryan K, et al. MicroRNA regulation of bovine monocyte 

inflammatory and metabolic networks in an in Vivo infection model. G3: Genes, 

Genomes, Genetics. 2014;4(6):957-971. doi:10.1534/g3.113.009936 

45. Sartori R, Gimenes LU, Monteiro PLJ, Melo LF, Baruselli PS, Bastos MR. Metabolic and 

endocrine differences between Bos taurus and Bos indicus females that impact the 

interaction of nutrition with reproduction. Theriogenology. 2016;86(1):32-40. 

doi:10.1016/j.theriogenology.2016.04.016 

46. Tolleson MW, Gill CA, Herring AD, et al. Association of udder traits with single 

nucleotide polymorphisms in crossbred bos indicus–bos taurus cows. J Anim Sci. 

2017;95(6):2399-2407. doi:10.2527/jas2017.1475 

47. Harder B, Bennewitz J, Reinsch N, et al. Mapping of quantitative trait loci for lactation 

persistency traits in German Holstein dairy cattle. Journal of Animal Breeding and 

Genetics. 2006;123(2):89-96. doi:10.1111/j.1439-0388.2006.00577.x 

48. Koufariotis L, Hayes BJ, Kelly M, et al. Sequencing the mosaic genome of Brahman cattle 

identifies historic and recent introgression including polled. Sci Rep. 2018;8(1). 

doi:10.1038/s41598-018-35698-5 

49. Fortes MRS, Kemper K, Sasazaki S, et al. Evidence for pleiotropism and recent selection 

in the PLAG1 region in Australian Beef cattle. Anim Genet. 2013;44(6):636-647. 

doi:10.1111/age.12075 

50. Strucken EM, Gebrehiwot NZ, Swaminathan M, Joshi S, Al Kalaldeh M, Gibson JP. 

Genetic diversity and effective population sizes of thirteen Indian cattle breeds. Genetics 

Selection Evolution. 2021;53(1). doi:10.1186/s12711-021-00640-3 

51. Depelchin BO, Bloden S, Michaux C, Ansay M. Effects of age, sex and breed on 

antipyrine disposition in calves. Res Vet Sci. 1988;44(2):135-139. 

52. Janus K, Musczczynski Z, Suszycka J. Pharmacokinetics of antipyrine in calves after 

intravenous and oral administration. J Vet Pharmacol Ther. 1996;19(5):408-410. 

doi:10.1111/j.1365-2885.1996.tb00073.x 



61 

53. Gotardo AT, Fonseca RL, Barreto F, et al. The effect of breed, sex, and drug 

concentration on the pharmacokinetic profile of ivermectin in cattle. J Vet Pharmacol 

Ther. 2020;43(5):477-484. doi:10.1111/jvp.12862 

54. Pinheiro Lima Rosa M, Gotardo AT, Maramarque ARO, et al. The effect of breed on 

ivermectin residues in the edible tissues of cattle and the estimated withdrawal period. 

Food Additives & Contaminants: Part A. 2025;42(1):1-11. 

doi:10.1080/19440049.2024.2423199 

55. Dacasto M, Eeckhoutte C, Capolongoa F, et al. Effect of breed and gender on bovine liver 

cytochrome P450 3A (CYP3A) expression and inter-species comparison with other 

domestic ruminants. Vet Res. 2005;36(2):179-190. doi:10.1051/vetres:2004066 

56. Giantin M, Carletti M, Capolongo F, et al. Effect of Breed upon Cytochromes P450 and 

Phase II Enzyme Expression in Cattle Liver. Drug Metabolism and Disposition. 

2008;36(5):885-893. doi:10.1124/dmd.107.019042 

57. Ashwell MS, Fry RS, Spears JW, O’Nan AT, Maltecca C. Investigation of breed and sex 

effects on cytochrome P450 gene expression in cattle liver. Res Vet Sci. 2011;90(2):235-

237. doi:10.1016/j.rvsc.2010.05.029 

58. Zancanella V, Giantin M, Dacasto M. Absolute quantification and modulation of 

cytochrome P450 3A isoforms in cattle liver. The Veterinary Journal. 2014;202(1):106-

111. doi:10.1016/j.tvjl.2014.07.028 

59. Giantin M, Rahnasto-Rilla M, Tolosi R, et al. Functional impact of cytochrome P450 3A 

(CYP3A) missense variants in cattle. Sci Rep. 2019;9(1):19672. doi:10.1038/s41598-019-

56271-8 

60. Hamamoto K, Mizuno Y. Cytochrome P450 2D14 (CYP2D14) Gene Deletion Variants in 

the Japanese Black Cattle and Characterization of their Effects on Metoclopramide 

Pharmacokinetics. J Vet Sci Technol. 2015;07(03). doi:10.4172/2157-7579.1000318 

61. Hamamoto K, Mizuno Y, Abe T, Kobayashi E. Genetic Polymorphisms of Cytochrome 

P450 2D14 (CYP2D14) Gene in Japanese Black Cattle and Holstein-Friesian Cattle. J Vet 

Sci Technol. 2016;08(01). doi:10.4172/2157-7579.1000407 

62. Meléndez DM, Marti S, Pajor EA, et al. Effect of subcutaneous meloxicam on indicators 

of acute pain and distress after castration and branding in 2-mo-old beef calves. J Anim 

Sci. 2018;96(9):3606-3621. doi:10.1093/jas/sky245 



62 

63. Mas´lanka T. Effects of dexamethasone and meloxicam on bovine CD25+ CD8+ and 

CD25CD8+ T cells – in vitro study. Elsevier. Published online 2012. doi: 

http://dx.doi.org/10.1016/j.rvsc.2012.12.005  

64. Yoo S, Beak SH, Kang HJ, et al. Effect of knife castration on leukocyte cytokine 

expression and indicators of stress, pain, and inflammation in Korean cattle bull calves. 

Anim Biosci. 2023;36(3):521-528. doi:10.5713/ab.22.0368 

65. Kotsiou A, Anastasia A, Tesseromatis C. Stress can affect drug pharmacokinetics via 

serum/tissues protein binding and blood flow rate alterations. Eur J Drug Metab 

Pharmacokinet. 2012;37(1):1-7. doi:10.1007/s13318-011-0077-2 

66. Cho I, Yoo S, Jung DJS, et al. Effects of lidocaine-plus-meloxicam treatment on 

behavioral and physiological changes, and leukocyte heat shock protein 90 gene 

expression after surgical castration in Hanwoo bulls. Front Vet Sci. 2024;11. 

doi:10.3389/fvets.2024.1465844 

67. Roberts SL. Effect of Castration and Oral Meloxicam on Inflammation, Animal Behavior, 

and Growth Performance in Beef Cattle.; 2016. 

68. Ahn JS, Kwon EG, Lee HJ, et al. Effect of short-term fattening period and castration 

method on productivity, serum testosterone, and economic efficacy in Hanwoo cattle. J 

Anim Sci Technol. 2023;65(1):149-159. doi:10.5187/jast.2022.e88 

69. Ducharme NG, Desrochers A, Fubini SL, et al. Surgery of the Bovine Digestive System. 

Farm Animal Surgery. Published online January 1, 2017:223-343. doi:10.1016/B978-0-

323-31665-1.00014-9 

70. de Jong LM, Jiskoot W, Swen JJ, Manson ML. Distinct Effects of Inflammation on 

Cytochrome P450 Regulation and Drug Metabolism: Lessons from Experimental Models 

and a Potential Role for Pharmacogenetics. Genes (Basel). 2020;11(12). 

doi:10.3390/genes11121509 

71. Kennedy JM, Van Riji AM. Effects of Surgery on the Pharmacokinetic Parameters of 

Drugs. Clin Pharmacokinet. 1998;35(4):293-312. doi:10.2165/00003088-199835040-

00003 

72. Aruldhas BW, Quinney SK, Overholser BR, et al. Pharmacokinetic modeling of R and S‐

Methadone and their metabolites to study the effects of various covariates in post‐

http://dx.doi.org/10.1016/j.rvsc.2012.12.005


63 

operative children. CPT Pharmacometrics Syst Pharmacol. 2021;10(10):1183-1194. 

doi:10.1002/psp4.12687 

73. Karademir U, Aksit D, Kum C, et al. The effect of surgery (Ovariohysterectomy) on the 

plasma disposition of meloxicam following intravenous administration in dogs. BMC Vet 

Res. 2016;12(1):33. doi:10.1186/s12917-016-0659-y 

74. Kleinhenz MD, Van Engen NK, Gorden PJ, et al. The impact of pain on the 

pharmacokinetics of transdermal flunixin meglumine administered at the time of cautery 

dehorning in Holstein calves. Vet Anaesth Analg. 2018;45(6):849-857. 

doi:10.1016/j.vaa.2018.06.008 

75. Ranganathan P, Pramesh CS, Buyse M. Common pitfalls in statistical analysis: Clinical 

versus statistical significance. Perspect Clin Res. 2015;6(3):169-170. doi:10.4103/2229-

3485.159943 

76. Midha KK, McKay G. Bioequivalence; its history, practice, and future. AAPS J. 

2009;11(4):664-670. doi:10.1208/s12248-009-9142-z 

77. Bebia Z, Buch S, Wilson J, et al. Bioequivalence revisited: Influence of age and sex on 

CYP enzymes. Clin Pharmacol Ther. 2004;76(6):618-627. doi:10.1016/j.clpt.2004.08.021 

78. Paulson SK, Engel L, Reitz B, et al. Evidence for Polymorphism in the Canine 

Metabolism of the Cyclooxygenase 2 Inhibitor, Celecoxib. Drug Metabolism and 

Disposition. 1999;27(10):1133-1142. doi:10.1016/S0090-9556(24)15037-4 

79. Grude P, Guittard J, Garcia C, Daoulas I, Thoulon F, Ebner T. Excretion mass balance 

evaluation, metabolite profile analysis and metabolite identification in plasma and excreta 

after oral administration of [14 C]‐meloxicam to the male cat: preliminary study. J Vet 

Pharmacol Ther. 2010;33(4):396-407. doi:10.1111/j.1365-2885.2010.01157.x 

80. Jimenez TP, Trostle M, Zhu Z, Martinez S, Court MH. Dextromethorphan phenotyping of 

healthy pet dogs reveals breed-associated differences in cytochrome P450 2D15–mediated 

drug metabolism. Am J Vet Res. Published online March 21, 2025:1-9. 

doi:10.2460/ajvr.24.12.0377 

81. Shock D, Roche S, Olson M. A Comparative Pharmacokinetic Analysis of Oral and 

Subcutaneous Meloxicam Administered to Postpartum Dairy Cows. Vet Sci. 2019;6(3). 

doi:10.3390/vetsci6030073 



64 

82. van Breukelen AE, Doekes HP, Windig JJ, Oldenbroek K. Characterization of Genetic 

Diversity Conserved in the Gene Bank for Dutch Cattle Breeds. Diversity (Basel). 

2019;11(12):229. doi:10.3390/d11120229 

83. Otto PI, Guimarães SEF, Verardo LL, et al. Genome-wide association studies for tick 

resistance in Bos taurus × Bos indicus crossbred cattle: A deeper look into this intricate 

mechanism. J Dairy Sci. 2018;101(12):11020-11032. doi:10.3168/jds.2017-14223 

84. Martinez MN, Court MH, Fink‐Gremmels J, Mealey KL. Population variability in animal 

health: Influence on dose–exposure–response relationships: Part I: Drug metabolism and 

transporter systems. J Vet Pharmacol Ther. 2018;41(4). doi:10.1111/jvp.12670 

85. National Research Council. Nutrient Requirements of Beef Cattle. Seventh Revised. The 

National Academies Press; 2000. 

86. FDA. Guidance for Industry Bioequivalence: Blood Level Bioequivalence.; 2016. 

http://www.regulations.gov.  

87. Allen KA, Coetzee JF, Edwards-Callaway LN, et al. The effect of timing of oral 

meloxicam administration on physiological responses in calves after cautery dehorning 

with local anesthesia. J Dairy Sci. 2013;96(8):5194-5205. doi:10.3168/jds.2012-6251 

88. Dubins D. FARTISSIE.xls. Published online 2021. Accessed March 10, 2025. 

http://individual.utoronto.ca/ddubins/  

89. FDA. Bioanalytical Method Validation Guidance for Industry.; 2018. Accessed April 28, 

2025. 

http://www.fda.gov/Drugs/GuidanceComplianceRegulatoryInformation/Guidances/default

.htm  

90. Wickham H. tidyverse: Easily Install and Load the “Tidyverse.” CRAN: Contributed 

Packages. Published online September 9, 2016. doi:10.32614/CRAN.package.tidyverse 

91. Jackson PR, Tucker GT, Woods HF. Testing for bimodality in frequency distributions of 

data suggesting polymorphisms of drug metabolism--histograms and probit plots. Br J 

Clin Pharmacol. 1989;28(6):647-653. doi:10.1111/j.1365-2125.1989.tb03557.x 

92. Freedman D, Diaconis P. On the Histogram as a Density Estimator: L2 Theory. Vol 57.; 

1981. 

93. Wickham H, Hofmann H. lvplot: Letter Value “Boxplots.” CRAN: Contributed Packages. 

Published online September 18, 2006. doi:10.32614/CRAN.package.lvplot 

http://www.regulations.gov/
http://individual.utoronto.ca/ddubins/
http://www.fda.gov/Drugs/GuidanceComplianceRegulatoryInformation/Guidances/default.htm
http://www.fda.gov/Drugs/GuidanceComplianceRegulatoryInformation/Guidances/default.htm


65 

94. Steel JW. Pharmacokinetics and metabolism of avermectins in livestock. Vet Parasitol. 

1993;48(1-4):45-57. doi:10.1016/0304-4017(93)90143-B 

95. Miwa GT, Walsh JS, VandenHeuvel WJ, et al. The metabolism of avermectins B1a, 

H2B1a, and H2B1b by liver microsomes. Drug Metab Dispos. 1982;10(3):268-274. 

96. Chiu SH, Sestokas E, Taub R, et al. Metabolic disposition of ivermectin in tissues of 

cattle, sheep, and rats. Drug Metab Dispos. 1986;14(5):590-600. 

97. Miyamoto A, Aoyama T, Matsumoto Y. The Measurement of Meloxicam and Meloxicam 

Metabolites in Rat Plasma Using a High-Performance Liquid Chromatography-

Ultraviolet Spectrophotometry Method. Vol 65.; 2017. 

98. Schmid J, Busch U, Heinzel G, Bozler G, Kaschke S, Kummer M. Pharmacokinetics and 

metabolic pattern after intravenous infusion and oral administration to healthy subjects. 

Drug Metab Dispos. 1995;23(11):1206-1213. 

99. Schmid J, Busch U, Trummlitz G, Prox A, Kaschke S, Wachsmuth H. Meloxicam: 

metabolic profile and biotransformation products in the rat. Xenobiotica. 

1995;25(11):1219-1236. doi:10.3109/00498259509046678 

100. Busch U, Schmid J, Unther Heinzel G¨, et al. PHARMACOKINETICS OF MELOXICAM 

IN ANIMALS AND THE RELEVANCE TO HUMANS.; 1998. 

101. Kalow W. Pharmacogenetics in biological perspective. Pharmacol Rev. 1997;49(4):369-

379. 

102. Kalow W, Ozdemir V, Tothfalusi L. Multigenic Traits and Risk Assessment in 

Pharmacology: A Population Approach. Vol 1.; 2001. www.nature.com/tpj 

103. Martinez MN, Greene J, Kenna L, Kissell L, Kuhn M. The Impact of Infection and 

Inflammation on Drug Metabolism, Active Transport, and Systemic Drug Concentrations 

in Veterinary Species. Drug Metabolism and Disposition. 2020;48(8):631-644. 

doi:10.1124/dmd.120.090704 

104. Ridgway R, Neary J, Turner A, Barrett DC, Gillespie A. Evaluation of Horn Bud Wound 

Healing Following Cautery Disbudding of Dairy Calves With and Without the Use of 

Oxytetracycline Aerosol Spray. Front Vet Sci. 2022;9:745632. 

doi:10.3389/fvets.2022.745632 

  


