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Abstract

The in vivo metabolism and pharmacokinetics of flunixin meglumine and phenylbutazone have 

been extensively characterized; however, there are no published reports describing the in vitro 

metabolism, specifically the enzymes responsible for the biotransformation of these compounds in 

horses. Due to their widespread use and, therefore, increased potential for drug-drug interactions 

and widespread differences in drug disposition, this study aims to build on the limited current 

knowledge regarding P450-mediated metabolism in horses. Drugs were incubated with equine 

liver microsomes and a panel of recombinant equine P450s. Incubation of phenylbutazone in 

microsomes generated oxyphenbutazone and gamma-hydroxy phenylbutazone. Microsomal 

incubations with flunixin meglumine generated 5-OH flunixin, with a kinetic profile suggestive of 

substrate inhibition. In recombinant P450 assays, equine CYP3A97 was the only enzyme capable 

of generating oxyphenbutazone while several members of the equine CYP3A family and CYP1A1 

were capable of catalyzing the biotransformation of flunixin to 5-OH flunixin. Flunixin 

meglumine metabolism by CYP1A1 and CYP3A93 showed a profile characteristic of biphasic 

kinetics, suggesting two substrate binding sites. The current study identifies specific enzymes 

responsible for the metabolism of two NSAIDs in horses and provides the basis for future study of 

drug-drug interactions and identification of reasons for varying pharmacokinetics between horses.
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1 | INTRODUCTION

Non-steroidal anti-inflammatory drugs (NSAIDs) are potent anti-inflammatory agents that, 

through inhibition of cyclooxygenase enzymes, decrease the production of several 

inflammatory mediators (e.g., prostaglandins and leukotrienes). This class of drugs is 

arguably the most commonly used medications in equine medicine, with phenylbutazone 

(PBZ) and flunixin meglumine (FM) being among the most frequently administered of the 

group. While the in vivo metabolism and pharmacokinetics of both drugs in horses have 

been extensively described (Gerring, Lees, & Taylor, 1981; Knych, Arthur, Mckemie, & 

Chapman, 2015; Knych, Arthur, et al., 2019; Knych, Baden, Gretler, & McKemie, 2019; 

Knych, Stanley, Seminoff, McKemie, & Kass, 2016; Lees, Landoni, Giraudel, & Touitain, 

2004; Lees, Ewins, Taylor, & Sedgwick, 1987; Lees, Taylor, Maitho, Millar, & Higgins, 

1987; Sams, Gerken, & Ashcraft, 1999; Semrad, Sams, Harris, & Ashcraft, 1993), to date, 

there are no published reports describing the in vitro metabolism of these compounds in 

horses. While these drugs undergo significant metabolism and only small amounts of parent 

compound are found in the urine, pharmacokinetic parameters reportedly vary greatly 

between individual animals (Knych et al., 2015, 2016; Knych, Arthur, et al., 2019; Knych, 

Baden, et al., 2019).

In many species including horses, PBZ undergoes aromatic hydroxylation to yield the active 

metabolite, oxyphenbutazone (Lees, Ewins, et al., 1987; Lees, Taylor, et al., 1987; Figure 1). 

While, to the best of the authors’ knowledge, the specific enzyme responsible for this 

biotransformation has not been reported in any species, it has been speculated that the 

reaction is carried out by a member of the cytochrome P450 (CYP450) superfamily 

(Alvares, Kapelner, Sassa, & Kappas, 1975). Interestingly, there are also reports of 

oxyphenbutazone-mediated inhibition of PBZ metabolism (Tobin, Blake, & Valentine, 

1977). A second metabolite, gamma-hydroxy phenylbutazone, which results from aliphatic 

hydroxylation of PBZ, has also been reported in a number of species, including horses 

(Lees, Ewins, et al., 1987; Lees, Taylor, et al., 1987). Similar to oxyphenbutazone, there are 

no published reports describing the enzyme/s responsible for catalyzing this reaction.

Following administration to horses, FM undergoes hydroxylation to form 5-OH flunixin 

(Jaussaud, Courtot, Guyot, & Paris, 1987; Figure 2). While the specific enzyme/s 

responsible for this reaction have not been reported in horses, in cattle, investigators have 

demonstrated a direct relationship between CYP450 activity and formation of 5-OH 

flunixin, which suggest that this reaction is carried out by members of this enzyme 

superfamily (Shappell, Duke, & Bartholomay, 2019). Additional studies in swine also 

suggest a role for CYP450 enzymes, specifically CYP1A1 and CYP2E1, in the 

biotransformation of FM to 5-OH flunixin (Howard et al., 2017; Howard, O’Nan, Maltecca, 

Baynes, & Ashwell, 2015). Results of studies describing a role for CYP450 in the 
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metabolism of FM to 5-OH flunixin in other species suggest that this enzyme family may 

also play role in FM metabolism in horses.

Administration of FM and PBZ in horses is commonplace and can be associated with 

adverse effects including acute renal failure and gastric and colonic ulceration. Interestingly, 

some horses tend to be more susceptible than others to the adverse effects associated with 

NSAID administration. Drugs such as FM and PBZ are also often times administered in 

combination with other therapeutic compounds; therefore, identification of the specific 

enzymes responsible for biotransformation of PBZ and FM is imperative to limit the 

likelihood of drug-drug interactions. To the best of the authors’ knowledge, there are no 

reports of the characterization of the specific isoforms responsible for these 

biotransformation reactions. To that end, due to their widespread use and anecdotal and 

published reports describing the wide variation in pharmacokinetics and variable 

susceptibility to adverse effects, this study was conducted as a first step in identifying and 

characterizing the enzymes responsible for the metabolism of these two commonly used 

NSAIDs in horses.

2 | MATERIALS AND METHODS

2.1 | Chemicals

Saline (0.9%), Tris-HCl, potassium chloride, potassium phosphate, CHAPS, cytochrome c, 

FM, and PBZ for enzyme incubations were obtained from Sigma-Aldrich, NADPH from 

Cayman Chemical, and cytochrome b5 from Thermo Fisher. The analytical reference 

standards for 5-hydroxy-flunixin, oxyphenbutazone, and gamma-hydroxy phenylbutazone 

were purchased from Toronto Research Chemicals.

Acetonitrile and water were purchased from Burdick & Jackson. Methanol was purchased 

from Thermo Fisher Scientific. All solvents were HPLC grade or better.

2.2 | Microsomal incubations

Liver microsomes were prepared as described previously (Knych, Arthur, et al., 2019; 

Knych, Baden, et al., 2019). Prior to performing microsomal incubations, linearity with 

respect to protein (enzyme activity) and time was established, and all subsequent kinetic 

studies were conducted within the linear portion of the rate curve. For microsomal 

incubations, two sets of liver microsomes (prepared from liver samples from two different 

horses) were tested independently. Additionally, a set of “blank” incubations were run in 

parallel. Reaction mixes in the blank incubations were as described below for the other 

incubations without the addition of NADPH. Incubations consisted of 1 mg/ml protein in 

100 mM potassium phosphate buffer (pH 7.4), 1 mM CHAPS, and substrate (FM or PBZ) in 

a total volume of 250 μl. All reactions (buffer + varying concentrations of FM/PBZ) were 

pre-incubated at 37°C for 5 min prior to initiation of the reaction by the addition of 2 mM 

NADPH. Reactions were allowed to proceed for 20 min and were terminated by the addition 

of 250 μl of ice-cold acetonitrile. Flunixin meglumine and PBZ metabolism were measured 

under linear conditions using substrate concentrations ranging from 0 to 800 μM. Triplicate 

incubations were run concurrently at each substrate concentration.
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2.3 | Incubations with cDNA-expressed cytochrome P450s and kinetic assays

Incubations were conducted to determine the specific P450 enzymes responsible for the 

biotransformation of FM and PBZ. Recombinant equine P450s (CYP1A1, 1A2, 3A89, 

3A93, 3A94, 3A95, 3A96, 3A97, 2D14, 2D50, 2D82, and 2C92) and equine NADPH 

cytochrome P450 oxidoreductase enzymes were prepared and activity of all enzymes 

determined as described previously (Knych, Arthur, et al., 2019; Knych, Baden, et al., 2019).

Kinetic parameters were determined (see below) for equine recombinant P450 enzymes that 

generated metabolites following incubations with FM and PBZ. Prior to performing kinetic 

assays, linearity with respect to protein (enzyme activity) and time for recombinant P450 

enzymes was established and all subsequent kinetic studies were conducted within the linear 

portion of the rate curve. Additionally, prior to conducting the assays, the optimal ratio of 

recombinant P450 to equine NADPH cytochrome P450 oxidoreductase and human 

recombinant cytochrome b5 (where appropriate; Life Sciences) was determined. 

Optimization assays were conducted by the addition of increasing quantities of equine 

NADPH cytochrome P450 oxidoreductase to incubations containing recombinant P450, 1 

mM CHAPS, 100 mM potassium phosphate buffer (pH 7.4), 2 mM NADPH and 400 μM of 

either FM or PBZ in a total volume of 250 μl. The mixture was pre-incubated for 5 min in a 

37°C shaking water bath prior to the addition of the recombinant P450. Following a 30-min 

incubation at 37°C, the reactions were terminated by the addition of ice-cold acetonitrile.

For the kinetic assays, FM and PBZ metabolism by recombinant P450s were determined in 

250 μl reaction volumes, including NADPH CYP450 oxidoreductase (amount determined in 

optimization reactions with individual P450s), cytochrome b5, human recombinant 

cytochrome b5 (where appropriate), 1 mM CHAPS, 2 mM NADPH, 100 mM potassium 

phosphate buffer (pH 7.4), and varying substrate concentrations (0–800 μM). The amount of 

recombinant enzyme added to the incubation ranged from 2.1 to 4.0 pmol depending on the 

individual enzyme. All reactions were incubated for 5 min at 37°C prior to initiation of the 

reaction by the addition of the recombinant P450. Incubations were allowed to proceed for 

30 min in a shaking water bath at 37°C. Uninfected TriEx insect cell homogenate, in place 

of recombinant P450, served as the “blank” reaction. Ice-cold acetonitrile (250 μl) was 

added to terminate the reactions. Triplicate incubations were run concurrently at each 

substrate concentration.

2.4 | Cytochrome P450 inhibition assays

Additional microsomal assays with PBZ and P450 inhibitors were also conducted. The 

reactions included known inhibitors for the human enzymes, CYP1A2 (furafylline), 

CYP1A2 (alpha-naphthoflavone), CYP2C8/9 (montelukast), CYP2C9 (sulfaphenazole), 

CYP2C19 (tranylcypromine), CYP2D6 (quinidine), and CYP3A4 (ketoconazole) with 

equine liver microsomes and recombinant CYP3A97 (the enzyme shown to produce 

oxyphenbutazone in screening studies). Reactions (250 μl volume) included NADPH 

CYP450 oxidoreductase, 1 mM CHAPS, 2 mM NADPH, 100 mM potassium phosphate 

buffer (pH 7.4), 400 μM of PBZ, and inhibitor (final concentration of 10 μM). All reactions 

were incubated for 5 min at 37°C prior to initiation of the reaction by the addition of the 

recombinant P450. Incubations were allowed to proceed for 30 min in a shaking water bath 
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at 37°C. Incubation reactions were terminated by the addition of ice-cold acetonitrile (250 

μl). Formation of gamma-hydroxy phenylbutazone in incubations containing inhibitors was 

compared to formation of metabolite in control incubations (no inhibitor).

2.5 | Evaluation of contribution of flavin monooxygenase enzymes to phenylbutazone 
metabolism

The contribution of flavin monooxygenase enzymes (FMO) to the metabolism of PBZ to γ-

hydroxy phenylbutazone was assessed using equine liver microsomes. Two sets of 

incubations were carried out: (a) equine liver microsomes with the FMO inhibitor 

methimazole (500 μM) and PBZ (400 μM) and (b) heat-inactivated (50°C for 1 min) equine 

liver microsomes and PBZ (400 μM). Both sets of reactions were carried out as described for 

the screening assays.

2.6 | Determination of FM, PBZ, and metabolite concentrations in liver microsomal and 
recombinant P450 reactions

Gamma-hydroxy phenylbutazone and oxyphenbutazone were combined into one working 

solution; working solutions were prepared by dilution of the 1 mg/ml stock solutions with 

methanol to concentrations of 1, 10, and 100 ng/μl. 5-hydroxy-flunixin working solutions 

were prepared by dilution of the 1 mg/ml stock solution with methanol to concentrations of 

0.01, 0.1, 1, and 10 ng/μl. Calibrators were prepared by dilution of the working standard 

solutions with 5% acetonitrile in water with 0.2% formic acid, to concentrations from 5 to 

3,000 ng/ml for gamma-hydroxy phenylbutazone and oxyphenbutazone and 0.025 to 200 

ng/ml for 5-hydroxy-flunixin. Calibration curves were prepared fresh for each quantitative 

assay.

Quantitative analysis was performed on an LTQ XL Orbitrap mass spectrometer (Thermo 

Scientific) coupled with a Waters Acquity UPLC. The system was operated in full-scan 

mode from 160 to 650 (m/z) at a resolution of 60,000 (M/ΔM, at full width at half maximum 

of the mass peaks) using positive electrospray ionization (ESI(+)). The spray voltage was set 

at 3,500 V, sheath gas and auxillary gas were 45 and 20, respectively (arbitrary units), and 

capillary temperature was 350°C. For all three analytes, chromatography employed an ACE 

3 C18 10 cm × 2.1 mm column (Mac-Mod Analytical) and a linear gradient of ACN in water 

with a constant 0.2% formic acid, at a flow rate of 0.35 ml/min. The initial ACN 

concentration was held at 1% for 0.4 min, ramped to 60% over 8.6 min, ramped to 95% over 

3 min before re-equilibrating for 3.6 min at initial conditions.

The responses were plotted using a 20 ppm mass tolerance for the ions: oxyphenbutazone 

and γ-hydroxy phenylbutazone (mass to charge ratio (m/z) 325.15483) and 5-OH flunixin 

(313.07952 (m/z)). Quanbrowser software (Thermo Scientific) was used to generate 

calibration curves and quantitate all samples by linear regression analysis. A weighting 

factor of 1/X was used for all calibration curves.

The responses were linear and gave correlation coefficients of 0.99 or better. The technique 

was optimized to provide a limit of quantitation of 5 ng/ml for gamma-hydroxy 

phenylbutazone and oxyphenbutazone and 0.5 ng/ml for 5-OH flunixin. The limit of 
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detection was approximately 3 ng/ml for gamma-hydroxy phenylbutazone and 

oxyphenbutazone, and 0.3 ng/ml for 5-OH flunixin.

2.7 | Determination of kinetic parameters

For both microsomal and recombinant P450 reactions, the formation rate (V) of 5-OH 

flunixin, oxyphenbutazone, and gamma-hydroxy phenylbutazone at the respective substrate 

concentrations (C) was determined and plotted. Non-linear regression analysis was used to 

determine kinetic parameters (Vmax and Km) using the Origin Pro software (Northampton, 

MA). For liver microsomal incubations, the data were fit to the Michaelis-Menten equation:

V =
V max × C
Km + C

or a substrate inhibition equation:

V =
V max × C

Km + C × 1 + C/Ki

where Ki represents concentration of inhibitor at which under saturating substrate 

conditions, the reaction rate is half of Vmax. For recombinant P450 assays, the data were fit 

to both a Michalis-Menten equation and an equation describing enzyme reactions with 

biphasic kinetics:

V =
V max1 × C
Km1 + C +

V max2 × C
Km2 + C

where Vmax1 is the maximum enzyme velocity of the high-affinity phase, Vmax2 is the 

maximum velocity of the low-affinity phase, Km1 is the concentration of substrate to achieve 

half of Vmax1 for the high-affinity phase, and Km2 is the concentration of substrate to 

achieve half of Vmax2 for the high-affinity phase. The model of best fit was determined 

based on visual observation of the fitted curve and Akaike’s Information Criterion (AIC) 

values.

3 | RESULTS

3.1 | Kinetics of flunixin meglumine and phenylbutazone metabolism in equine liver 
microsomes

Incubation of FM with equine liver microsomes generated the metabolite 5-OH flunixin. 

The kinetic plots for 5-OH flunixin generated in the microsomal incubations are depicted in 

Figure 3. The formation of 5-OH flunixin conformed to saturable kinetics with a slight 

decrease in the production of the metabolite starting with the incubation containing 200 μM 

from one horse and greater inhibition observed at 400 and 800 μM in both sets of liver 

microsomes. Data generated from microsomal incubations with FM were best fit by a 

substrate inhibition model. Kinetic parameters are summarized in Table 1.
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Microsomal incubations with PBZ generated two metabolites, oxyphenbutazone and γ-

hydroxy phenylbutazone. Data for both metabolites were best fit by a simple Michaelis-

Menten equation (Table 1; Figure 4).

3.2 | cDNA-expressed equine P450s

Recombinant baculovirus-expressed equine P450s were used to identify the specific P450 

isoforms that were responsible for catalyzing the conversion of FM to 5-OH flunixin and 

PBZ to oxyphenbutazone and gamma-hydroxy phenylbutazone. Several equine CYP3A 

isoforms as well as CYP1A1 were capable of generating 5-OH flunixin when incubated with 

FM (Table 1). Of all the recombinant P450s tested, CYP3A97 was the only P450 that 

generated oxyphenbutazone when incubated with phenylbutazone. Gamma-hydroxy 

phenylbutazone, the second metabolite identified in microsomal incubations with PBZ, was 

not generated by any of the recombinant P450s tested.

Plots of the formation rate of 5-OH flunixin versus substrate concentration for CYP1A1 and 

CYP3A93, 3A94, 3A95, and 3A97 are depicted in Figure 5. Plots for CYP1A1 and 

CYP3A93 showed a profile characteristic of biphasic kinetics (Figure 5), and data were best 

fit by a biphasic equation (Table 1) while kinetic parameters for the other enzymes were best 

fit by the Michaelis-Menten equation (Table 1). The plot of the formation rate of 

oxyphenbutazone versus PBZ concentrations by CYP3A97 is depicted in Figure 6 and the 

kinetic parameters calculated using the Michaelis-Menten equation are listed in Table 1.

3.3 | Cytochrome P450 inhibition assays

Gamma-hydroxy phenylbutazone formation in liver microsomes was inhibited by the 

CYP1A2 inhibitor, alpha-naphthoflavone (79% compared to control incubations) and the 

CYP3A4 inhibitor, ketoconazole (62% compared to control incubations; Figure 7). 

Oxyphenbutazone production was decreased by 53% in microsomal incubations with the 

CYP2C8/9 inhibitor, montelukast (Figure 7).

Production of oxyphenbutazone by recombinant CYP3A97 was inhibited by 85% in the 

presence of montelukast, compared to control (Figure 7). Alpha-naphthoflavone increased 

production of oxyphenbutazone by 150% compared to control (Figure 7).

3.4 | Effect of FMO enzyme inhibition on production of PBZ metabolites

Concentrations of oxyphenbutazone and gamma-hydroxy phenylbutazone in microsomal 

incubations containing PBZ and the FMO inhibitor, methimazole were not different from 

control incubations (devoid of methimazole). Similarly, concentrations of both metabolites 

in incubations with heat-inactivated microsomes and PBZ were comparable to incubations 

with non-heat-inactivated microsomes.

4 | DISCUSSION

In equine medicine, the use of NSAIDs, both as sole agents and in combination with other 

therapeutic medications, is common and can be associated with life-threatening side effects, 

and therefore, a thorough understanding of their metabolism is imperative. The current study 
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describes the in vitro metabolism and reports the specific metabolic enzymes that contribute 

to the biotransformation of two commonly used NSAIDs in horses.

Equine liver microsomal incubations containing either FM or PBZ were used to identify the 

spectrum of metabolites produced in vitro. For both compounds, the metabolites generated 

were in agreement with those reported in in vivo pharmacokinetic and drug metabolism 

studies (Knych et al., 2015; Sams et al., 1999; Tobin et al., 1986). Although the metabolites 

generated in liver microsomes were the same as those generated in vivo, it is prudent to note 

that other tissues, notably the gastrointestinal mucosa, contribute to the metabolic profile 

observed following oral administration in an in vivo model. Concentrations of 5-OH 

flunixin, the major metabolite of FM, increased in a linear fashion at FM concentrations 

ranging from 5 to 200 μM, suggesting first order kinetics within this range. At substrate 

concentrations above 200 μM, the formation of 5-OH flunixin declined, suggesting 

metabolic inhibition at higher concentrations. Mechanistic inhibition, a type of metabolic 

enzyme inhibition, whereby metabolites generated as part of the biotransformation process 

inhibit further metabolism of the parent compound has been described (Silverman, 1995). 

While further study would be necessary to determine whether this is the case for FM, it is 

plausible that 5-OH flunixin acts as a mechanistic inhibitor, leading to enzyme inhibition 

and a subsequent decrease in the rate of metabolism of FM. Although the clinical relevance 

of this auto-inhibition is not clear, a number of published studies describe linear elimination 

in vivo when FM is administered at therapeutic concentrations (Knych et al., 2015; Sams et 

al., 1999) suggesting that, within the therapeutic range, this effect may not have clinical 

implications.

Microsomal incubations were carried out with microsomes harvested from two different 

horses. With both drugs, there were noticeable differences in the rate of metabolism between 

horses. In vivo, differences in metabolism and ultimately drug clearance have been attributed 

to age, increased or decreased levels of metabolic enzyme activity as a result of other drugs 

or dietary components and/or differing metabolic capabilities due to genetic polymorphisms. 

Induction or inhibition of metabolic enzymes is unlikely to explain the differences in 

metabolic activity noted in the current study as the horses from which microsomes were 

harvested had not received any medications for a minimum of 4 weeks prior to euthanasia. 

Additionally, P450 activity was measured and the rate of the reaction corrected for activity. 

Although horses from which microsomes were isolated in the current study were not 

genotyped, genetic differences offer a plausible explanation for the disparity in metabolic 

activity between horses and further study of the implications of presumed polymorphisms on 

drug metabolism in horses is warranted.

Baculovirus-expressed recombinant equine P450s were utilized to determine the specific 

enzyme/s responsible for metabolism of FM and PBZ in the horse. Although the enzymes 

responsible for metabolism of FM have not been reported, members of the CYP2C family 

are predominately responsible for the metabolism of NSAIDs in humans (Blanco, Martinez, 

Garcia-Martin, & Agundez, 2008). In the current study, incubation of FM with CYP2C92, 

the equine orthologue to CYP2C9 (DiMaio Knych, DeStefano Shields, Buckpitt, & Stanley, 

2009) did not generate any measurable metabolites. Instead, members of the equine CYP3A 

family and cytochrome P450 1A1 were identified as the major enzymes responsible for 
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generation of 5-OH flunixin. In humans, cytochrome P450 3A4 is considered a “secondary” 

enzyme for metabolism of NSAIDs (Blanco et al., 2008). In the current study, CYP1A1 and 

CYP3A93, which appears to play the greatest role in CYP3A-mediated metabolism of FM, 

demonstrated biphasic kinetics, suggestive of multiple substrate binding sites with differing 

Vmax and Km values (Korzekwa et al., 1998). This behavior has been reported previously for 

both CYP1A1 and CYP3A4 in other species (Inouye, Mizokawa, Saito, Tonomura, & 

Ohkawa, 2000; Korzekwa et al., 1998). Although equine CYP1A1 is capable of 5-

hydroxylation of FM, it should be noted that in other species, this enzyme is not 

constitutively expressed (Martinez et al., 2019; Uno et al., 2009), and activity is attributable 

to induction by other chemicals (Nebert, Dalton, Okey, & Gonazlez, 2004). If the same is 

found to be true in horses, FM 5-hydroxylation is most likely mediated primarily by equine 

CYP3A isoforms with additional contribution from CYP1A1 in horses exposed to CYP1A1 

inducers.

Cytochrome P450 P3A97 was the only enzyme capable of generating oxyphenbutazone 

from PBZ in vitro. Although high concentrations were detected in equine liver microsomes, 

the second metabolite, gamma-hydroxy phenylbutazone, was not detected in incubations 

with any of the recombinant equine P450s tested, suggesting that this metabolite is produced 

by a non-P450 phase 1 enzyme. In contrast to this theory, however, was the finding that 

addition of inhibitors of human CYP1A2 (alpha-naphthoflavone) and CYP3A4 

(ketoconazole) to microsomal incubations containing PBZ greatly decreased the rate of 

production of gamma-hydroxy phenylbutazone. These conflicting findings can likely be 

explained by differential selectivity of P450 inhibitors between species. This hypothesis is 

supported by a previous study whereby investigators demonstrated that compounds that are 

known P450 inhibitors in human liver microsomes did not inhibit metabolic activity in rat 

liver microsomes (Eagling, Tjia, & Back, 1998). Although a large number of P450s, 

including those responsible for the majority of therapeutic drug metabolism in other species, 

were assessed, it is possible that the generation of gamma-hydroxy phenylbutazone in horses 

following administration of PBZ is carried out by an equine CYP450 that has yet to be 

expressed and/or characterized.

Although little is known about the role of FMOs in drug metabolism in horses, these 

enzymes are present in the microsomal fraction and capable of oxidation reactions. To test 

the hypothesis that this group of enzymes may contribute to generation of gamma-hydroxy 

phenylbutazone, methimazole, an inhibitor of FMO activity in humans (Jones et al., 2017) 

was added to microsomal incubations containing PBZ. Gamma-hydroxy phenylbutazone 

was observed in comparable quantities as that observed in non-treated liver microsomes, 

suggesting that FMO enzymes do not play a significant role in the biotransformation of PBZ 

to this metabolite. This was further supported by the apparent lack of inhibition of gamma-

hydroxy phenylbutazone production using heat-inactivated liver microsomes, which 

deactivates FMO enzymes while preserving CYP450 activity (Jones et al., 2017).

In the presently reported study, oxyphenbutazone production is attributed to CYP3A97. 

Interestingly, metabolism was significantly reduced, compared to control, in liver microsome 

and recombinant CYP3A97 incubations containing the CYP2C8/9 inhibitor montelukast. As 

discussed previously, although CYP2C9 is important to the metabolism of several NSAIDs, 
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CYP2C92 did not appear to play a role in PBZ metabolism in the current study. However, 

although montelukast is considered a CYP2C8/9 inhibitor, recent studies have questioned 

this selectivity (Cardoso, Oliveira, Lu, & Desta, 2015). Importantly, CYP3A4, an orthologue 

to equine CYP3A97, has been found to contribute to the metabolism of montelukast in 

humans (Cardoso et al., 2015). If metabolism is similar in horses, competition between 

montelukast and PBZ for CYP3A97 binding sites may explain the decreased rate of PBZ 

biotransformation in the presence of montelukast observed in the current study. The increase 

in oxyphenbutazone production in the presence of alpha-naphthoflavone may be a result of 

stimulation of CYP3A97 as has been reported for CYP3A4 (Koley, Buters, Robinson, 

Markowitz, & Friedman, 1997).

In the current study, the phase I enzymes responsible for biotransformation of FM to its 

major metabolite and PBZ to its active metabolite have been identified and enzymatic 

activity described. Although additional validation is required, the current study represents an 

important first step in identifying and characterizing the enzymes responsible for the 

metabolism of two commonly used NSAIDs in equine medicine.
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FIGURE 1. 
Metabolic pathway for flunixin in the horse
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FIGURE 2. 
Metabolic pathway for phenylbutazone in the horse
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FIGURE 3. 
Kinetic plots for the determination of the apparent Km and Vmax values for flunixin 

metabolism to 5-OH flunixin by equine liver microsomes. Plots (left and right) represent 

incubations in liver microsomes collected from two different horses. Incubations from each 

horse were run concurrently and carried out in triplicate
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FIGURE 4. 
Kinetic plots for the determination of the apparent Km and Vmax values for metabolism of 

phenylbutazone to oxyphenbutazone (a) and gamma-hydroxy phenylbutazone (b) by equine 

liver microsomes. Plots (left and right) represent incubations in liver microsomes collected 

from two different horses. Incubations from each horse were run concurrently and carried 

out in triplicate
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FIGURE 5. 
Kinetic plots of substrate concentrations versus the rate of the reaction for generation of 5-

OH flunixin by baculovirus-expressed equine CYP450 enzymes following incubation with 

flunixin meglumine. Triplicate incubations were performed concurrently at each substrate 

concentrations
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FIGURE 6. 
Kinetic plots of substrate concentrations versus the rate of the reaction for generation of 

oxyphenbutazone by baculovirus-expressed equine CYP3A97 enzymes following incubation 

with phenylbutazone. Triplicate incubations were performed concurrently at each substrate 

concentration
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FIGURE 7. 
Generation of gamma-hydroxy phenylbutazone and oxyphenbutazone in equine liver 

microsomal incubations containing known inhibitors of human CYP450 enzymes. 

Metabolite production is expressed as a percentage compared to control (no inhibitor) 

incubations
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