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ABSTRACT
Dogs are commonly used in human and veterinary pharmaceutical development.
Physiologically based pharmacokinetic modeling using recombinant cytochrome P450 (CYP)
enzymes requires accurate estimates of CYP abundance, particularly in liver. However, such
estimates are currently available for only seven CYPs, which were determined in a limited
number of livers from one dog breed (Beagle). Here, we used a label-free shotgun proteomics

P450 oxidoreductase, and cytochrome b5 in liver microsomes from 59 dogs representing four
different breeds and mixed-breed dogs. Validation included showing correlation with CYP
marker activities, immunoquantified protein, as well as CYP1A2 and CYP2C41 null allele
genotypes. Abundance values largely agreed with those previously published. Average CYP
abundance was highest (>120 pmol/mg protein) for CYP2D15 and CYP3A12; intermediate (4089 pmol/mg) for CYP1A2, CYP2B11, CYP2E1, CYP2C21; and lowest (<12 pmol/mg) for
CYP2A13, CYP2A25, CYP2C41, CYP3A26, and CYP1A1. The CYP2C41 gene was detected in
12 of 58 (21%) livers. CYP2C41 protein abundance averaged 8.2 pmol/mg in those livers, and
was highest (19 pmol/mg) in the only liver with two CYP2C41 gene copies. CYP1A2 protein
was not detected in the only liver homozygous for the CYP1A2 stop codon mutation. Large
breed-associated differences were observed for CYP2B11 (P<0.0001; ANOVA) but not for other
CYPs. Research Hounds and Beagles had the highest CYP2B11 abundance; mixed-breed dogs
and Chihuahua were intermediate; while Greyhounds had the lowest abundance. These results
provide the most comprehensive estimates to date of CYP abundance and variability in canine
liver.
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SIGNIFICANCE STATEMENT
This work provides the most comprehensive quantitative analysis to date of the drug
metabolizing cytochrome P450 proteome in dogs that will serve as a valuable reference for
physiologically based scaling and modeling used in drug development and research. This study
also revealed high interindividual variation and dog breed-associated differences in drug
metabolizing cytochrome P450 expression that may be important for predicting drug disposition
Downloaded from dmd.aspetjournals.org at ASPET Journals on January 8, 2023

variability among a genetically diverse canine population.

INTRODUCTION
Dogs are the most commonly used non-rodent species in pharmaceutical development
(Tibbitts, 2003; Martignoni et al., 2006; Choi et al., 2011). The modern domestic dog has been
divided through selective breeding into hundreds of isolated populations called breeds that were
developed for desired phenotypic traits (Parker et al., 2017). Purpose-bred research Beagles are
by far the most common breed of dog used in biomedical research because of their size,
temperament, and ease of handling (Choi et al., 2011). Purpose-bred research “hound” and
“mongrel” (mixed-breed) dogs are also used in biomedical research. A growing number of
pharmaceuticals are being developed specifically for use in dogs. Although approval is often
based on testing in homogenous populations of purpose-bred research dogs and a limited number
of owned dogs, these drugs are intended for use in the genetically diverse general canine
population.
Recombinant cytochrome P450 (CYP) enzymes are commonly used in human drug
development to predict the contribution of different CYPs to drug metabolism (reaction
4

DMD Fast Forward. Published on August 19, 2019 as DOI: 10.1124/dmd.119.088070
This article has not been copyedited and formatted. The final version may differ from this version.

DMD # 88070

phenotyping). This information is used to aid in the prediction of pharmacokinetics, drug
interaction potential, safety, and efficacy of new chemical entities (Zientek and Youdim, 2015).
Extrapolation of metabolic activities from recombinant CYPs to tissues requires an accurate
estimate of the abundance of each CYP isoform in that tissue. Liver and intestines are the most
important tissues involved in drug metabolism. Abundance values are also important for scaling
beyond a single organ to whole-body clearance using physiologically based pharmacokinetic

CYP abundance estimates are available for human tissues (Achour et al., 2014) but only recently
have accurate tissue estimates been published for dog CYPs. Liver and intestinal CYP abundance
values are currently available for 7 canine drug metabolizing CYP isoforms, including CYP1A2,
CYP2B11, CYP2C21, CYP2D15, CYP2E1, CYP3A12 and CYP3A26, which were obtained
using tissues from purpose-bred research Beagle dogs (Heikkinen et al., 2012, 2015).
There is some (albeit limited) evidence for breed-associated differences in CYP-mediated
drug metabolism in dogs. Specifically, we have shown differences in the CYP2B11-dependent
oxidation of propofol and benzyloxyresorufin by liver microsomes from Beagle, Greyhound, and
mixed-breed dogs (Court et al., 1999; Hay Kraus et al., 2000). Beagles had significantly higher
liver activities for both substrates compared with Greyhounds, while mixed-breed dogs showed
intermediate activities.
Previous studies evaluating CYP abundance in canine tissues did not include several
CYPs of potential importance for drug metabolism, including CYP1A1, CYP2A13, CYP2A25
and CYP2C41. Recombinant CYP1A1 and CYP2C41 are commercially available and several
studies have reported catalytic activities for these isoforms (Shou et al., 2003; Locuson et al.,
5
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2009; Perez et al., 2016; Perez Jimenez et al., 2018). Although not yet commercially available,
CYP2A13 and CYP2A25expressed in a baculovirus-insect cell system were demonstrated in
another study to have catalytic activities towards phenacetin and several other xenobiotic
substrates (Zhou et al., 2010). Currently, it is not possible to extrapolate from these recombinant
enzyme data to tissues in order to evaluate the contribution of these CYPs to drug metabolism in
dogs.

analysis to date of the drug metabolizing CYP proteome in a moderately large (N = 59) and
genetically diverse bank of canine liver microsomes. We employed an increasingly popular
label-free shotgun proteomics method coupled with the “Total Protein Approach” (TPA) that
allows reliable absolute quantification of thousands of proteins without the need for labelled
peptide standards (Cox and Mann, 2011). In addition to providing the first estimates of the
abundance of CYP1A1, CYP2A13, CYP2A25 and CYP2C41 in canine liver, we also quantitated
two important accessory proteins essential for CYP function, namely P450 oxidoreductase
(POR) and cytochrome b5 (CYB5A). Finally, since our liver bank included samples from
multiple dog breeds, including research Beagles, research Hounds, Greyhounds, Chihuahuas, and
mixed-breed dogs, we evaluated whether the previously observed breed-related difference in
CYP hepatic abundance was primarily restricted to one CYP isoform (i.e. CYP2B11) or affected
other major CYP isoforms.

MATERIALS AND METHODS

6
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Chemicals and reagents
Cytochrome c isolated from porcine heart was from Gold Biotechnology, Inc. (St. Louis,
MO, USA). NADP+, NADPH, isocitrate dehydrogenase, DL-isocitrate, dextromethorphan,
dextrorphan, thymol, trifluoroacetic acid, formic acid, and acetonitrile were from Sigma-Aldrich
(St. Louis, MO, USA). Urea and dithiothreitol were from Fisher Scientific Co. (Pittsburgh, PA,
USA). Iodoacetamide and ammonium bicarbonate were the products of Acros Organics (Morris

Corporation (Freehold, NJ, USA). Tramadol hydrochloride, O-desmethyltramadol
hydrocholoride, O-desmethyltramadol-D6 and 4-hydroxypropofol were from Toronto Research
Chemical Inc. (Toronto, ON, Canada). GW340416A, a chemical analogue of bupropion, was
kindly provided by GlaxoSmithKline (Research Triangle Park, NC). Propofol was from Zeneca
Pharmaceuticals (Wilmington, DE, USA). Omeprazole was purchased from BeanTown
Chemical, Inc. (Hudson, NH, USA) and omeprazole sulfone was purchased from Cayman
Chemical Company (Ann Arbor, MI, USA). Sodium hydroxide, potassium phosphate
monobasic, potassium phosphate dibasic and EDTA were from J.T. Baker (Center Valley, PA,
USA). Lysyl endopeptidase was from Wako Chemicals (Richmond, VA, USA). Water Oasis
HLB columns were from Waters Corporation (Milford, MA, USA). Ultra-pure water was from a
Milli-Q® Q-POD Millipore System (EMD Millipore, Burlington, MA, USA).

Liver microsomes
Liver tissue samples were from a bank of frozen dog livers maintained at Washington
State University (Pullman, WA). Livers (DL-1 to DL-59) were from 59 healthy adult dogs that
included 25 purpose-bred research Beagles (19 males and 6 females), 12 purpose-bred research
Hounds (all female), 13 mixed-breed dogs (7 males and 6 females), 5 Greyhounds (3 males and 2
7
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females), and 4 Chihuahuas (3 males and 1 female). Frozen liver samples from 14 research
Beagles (11 males and 3 females) were purchased from Sekisui Xenotech (Kansas City, KS,
USA). The supplier indicated the dogs were from various sources, including Covance
(Cumberland, VA, USA), Xenometrics (Stilwell, KS, USA), and Marshall BioResources (North
Rose, TX, USA). All remaining liver samples were obtained after euthanasia of dogs that were
untreated control animals from various unrelated research studies. Although all dogs originated

excluded if they had been treated with any pharmaceutical compound within 2 weeks before
euthanasia. Other environmental exposures such as diet were unknown. Since all tissues were
obtained from commercial sources, or were tissues that would have normally been discarded, use
of these tissues was determined exempt from review by the Institutional Animal Care and Use
Committee at Washington State University. Liver microsomes were prepared from the liver
tissue samples as previously described (Court et al., 1997). Microsomal protein concentrations
were determined using the bicinchoninic acid assay (Thermo Fisher Scientific, Waltham, MA,
USA). Microsomes were stored at -80ºC until use.

CYP1A2 and CYP2B11 immunoblotting
Relative CYP1A2 and CYP2B11 protein contents were determined in dog liver
microsomes DL-1 to DL-20 by adapting an immunoblotting method described previously (Court
et al., 2003). Briefly, 5 µg of microsomal protein was separated on 4 to 15% gradient sodium
docecyl sulfate acrylamide gels and electrophoretically transferred to polyvinylidene difluoride
membranes (Bio-Rad Laboratories, Inc, Hercules, CA, USA). Membranes were blocked for one
hour at room temperature using 5% (w/v) non-fat dry milk in TBS-Tween. Rabbit anti-dog
CYP2B11 serum (ɑ-PBD-2) was kindly provided by Dr. James Halpert (School of Pharmacy,
8
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University of Connecticut, Storrs, CT) (Duignan et al., 1987). Rabbit polyclonal anti-rat
CYP1A2 serum (AB1255) was purchased from Chemicon Millipore (Temecula, CA, USA).
Blots were incubated with CYP2B11 or CYP1A2 antisera at 1:6,000 or 1:500, respectively,
overnight at 4º C. Blots were washed and then incubated with secondary horseradish peroxidaseconjugated goat anti-rabbit antisera (NEF812, PerkinElmer, Waltham, MA, USA) at 1:10,000
dilution for one hour at room temperature and chemiluminescent substrate (SuperSignal, Thermo

440CF, Eastman Kodak Co., Rochester, NY, USA), and bands were quantified using Kodak 1D
Image Analysis Software (Eastman Kodak Co.). Consistent protein loading and blot transfer
were verified by Ponceau-S staining of blots. Standard curves for each CYP assayed were
generated by loading serial dilutions of microsomes from those livers with the highest CYP2B11
and CYP1A2 content (based on preliminary experiments). Values were expressed relative to the
liver with the lowest CYP content for the CYP being assayed. The reported results represent the
average of three independent experiments.

CYP and accessory enzyme activities
Tramadol O-demethylation and N-demethylation
Tramadol O-demethylation and N-demethylation were measured in liver microsomes as
marker reactions for CYP2D15 and CYP2B11 activities, respectively. We have previously
shown that these reactions are primarily catalyzed by these CYP enzymes and the metabolism
assays were carried out as previously described (Perez et al., 2016) using a final tramadol
concentration of 5 µM and 0.2 mg/mL microsomal protein. Preliminary experiments confirmed
the linearity of metabolite formation with respect to microsomal protein concentration and
9
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incubation times. All experiments were carried out in duplicate and repeated at least two
indepndent times and results were averaged.
Propofol hydroxylation
We have also previously shown that propofol hydroxylation is primarily catalyzed by
canine CYP2B11 (Court et al., 1999; Hay Kraus et al., 2000). Measurement of propofol
hydroxylation by liver microsomes was carried out as we previously described with slight

protein was used in the reaction with a 10 min incubation time. Preliminary experiments
confirmed the linearity of metabolite formation with respect to microsomal protein concentration
and incubation times. All experiments were carried out in duplicate and repeated at least three
independent times and results were averaged. The HPLC column used was a 4 µM 150 x 2 mm
Phenomenex® SynergiTM Fusion-RP 80Å (Torrance, CA, USA). A gradient mobile phase (total
flow of 0.4 mL/min) was used consisting of mobile phases A (100% acetonitrile) and B (80% 20
mM phosphate buffer and 20% acetonitrile, v/v). The gradient was as follows: linear gradient
from 10 to 20% A over 10 min, 20 to 46% A over 10 min, 46 to 100% A over 2 min, 100 to 10%
A over 1 min.
Dextromethorphan O-demethylation
Dextromethorphan O-demethylation by the liver microsomes was used as a marker for
CYP2D15 activity. This reaction has been previously reported to be selective for CYP2D15
(Shou et al., 2003). Dextromethorphan in methanol was added to microcentrifuge tubes to yield a
final reaction concentration of of 5 µM. Tubes were evaporated to dryness using a Savant
SpeedVac Concentrator (Thermo Fisher Scientific). To reaction tubes, microsomal protein was
10
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added to achieve a final protein concentration of and 0.1 mg/mL in 50 mM potassium phosphate
buffer (pH 7.4).Reaction tubes were placed in a 37ºC water bath for 3 minutes and the reaction
was started by adding 50 µL of NADPH-regeneration system (0.5 mM NADP+, 3.75 mM DLisocitrate, 1 unit/mL isocitrate dehydrogenase, 5 mM MgCl2 in 50 mM potassium phosphate
buffer, pH 7.4, final reaction concentration). The final reaction volume was 100 µL. The reaction
was allowed to proceed for 10 minutes at 37ºC and was stopped by the addition of 20 µL of 1N

were vortexed and centrifuged for 10 minutes at 15,000 x g. Supernatant (10 µL) was analyzed
using LC-MS/MS. Quantification of dextrorphan was based on calibration curves constructed
using the peak area ratio of dextrorphan to the internal standard against dextrorphan
concentrations using unweighted least squares linear regression. The rate of dextrorphan
formation was calculated by dividing the amount of dextrorphan in the sample by the incubation
time and the protein concentration present in the reaction. Preliminary experiments confirmed
the linearity of metabolite formation with respect to microsomal protein concentration and
incubation times. All experiments were replicated three independent times and results were
averaged.
The LC-MS/MS system consisted of an AB Sciex AP1 4000TM (AB Sciex LLC,
Framingham, MA, USA) connected to the liquid chromatography portion; a HP Agilent 1100
Series G1311A quaternary pump, G13221 degasser, G1316A column compartment as well as a
HTC PAL autosampler (CTC Analytics AG, Zwingen, Switzerland). Data collection and
integration were achieved using AB Sciex Analyst® software (version 1.6). The LC-MS/MS
system was configured with electrospray ionization in the positive mode and data was acquired
using multiple reaction monitoring of mass transition pairs at m/z 258/2/133.1 for dextrorphan
11
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and m/z 238/182 for the internal standard. The analytical column was the same as described for
the propofol hydroxylation method. A gradient mobile phase was used consisting of mobile
phases A (0.1% formic acid) and B (acetonitrile). The gradient was as follows; linear gradient
from 80 to 5% A over 2 min, held at 5% A for 0.5 min followed by a step up to 80% A over 0.11
min. The column equilibrated for 3.4 min at 80% A prior to the next injection. Separation was
carried out at 30ºC with a flow rate of 0.4 mL/min.

Omeprazole sulfonation was used as a CYP3A marker activity based on reported human
CYP3A selectivity (Andersson et al., 1993; Yamazaki et al., 1997). Omeprazole and microsomal
protein, both in 50 mM phosphate buffer (pH 7.4), were added to microcentrifuge tubes to yield
a final reaction concentrations of 5 µM omeprazole and 0.2 mg/mL protein. Reaction tubes were
placed in a 37ºC water bath for 3 minutes and the reaction was started by adding 50 µL of the
previously described NADPH-regeneration system. The final volume of the reaction was 100
µL. The reaction was allowed to proceed for 15 minutes at 37ºC and was stopped by the addition
of 100 µL of the internal standard (1 µM pantoprazole in acetonitrile). Samples were vortexed
and centrifuged for 10 minutes at 15,000 x g. Supernatant (10 µL) was analyzed using LCMS/MS. Quantification of omeprazole sulfone was based on calibration curves constructed using
the peak area ratio of omeprazole sulfone to the internal standard against omeprazole sulfone
concentrations using 1/x weighted least squares linear regression. The rate of omeprazole sulfone
formation was calculated by dividing the amount of omeprazole sulfone in the sample by the
incubation time and the protein concentration present in the reaction. Preliminary experiments
confirmed the linearity of metabolite formation for microsomal protein concentrations and

12
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incubation time. All experiments were replicated a minimum of three independent times and
results were averaged.
The LC-MS/MS system and configuration was the same as described for
dextromethorphan O-demetylation. Data were acquired using multiple reaction monitoring of
mass transition pairs at m/z 362/150.1 for omeprazole sulfone and m/z 384.2/200.1 for the
internal standard. The analytical column was an Agilent (Santa Clara, CA, USA) ZORBAX

phases A (0.1% formic acid), B (methanol) and C (acetonitrile). The gradient was as follows;
linear gradient from 90:9:1 (A:B:C, v/v) to 80:10:10 (A:B:C, v/v) over 1 min, linear gradient to
55:22.5:22.5 (A:B:C, v/v) over 1.75 min followed by a step to 90:9:1 (A:B:C, v/v/v) over 0.25
min. The column equilibrated for 2 min at starting conditions prior to the next injection.
Separation was carried out at 40ºC with a flow rate of 1 mL/min.
Cytochrome c reduction
P450 oxidoreductase activity in the liver microsomes was measured by the reduction of
cytochrome c. The assay was carried out as described by Guengerich et al. (Guengerich et al.,
2009) but modified to fit a microplate format using the SpectraMax® i3 plate reader with
Softmax Pro 6.3 software (Molecular Devices, LLC., San Jose, CA, USA). Briefly, 5 µg of total
microsomal protein in 10 uL was used for each reaction. To each reaction, 190 µL of cytochrome
c dissolved in 300 mM potassium phosphate buffer, pH 7.8, containing 0.1 mM EDTA was
added resulting in a final reaction concentration of 30 µM cytochrome c. The reaction was
started with 20 µL of NADPH dissolved in water (final reaction concentration of 100 µM
NADPH) and monitored at A550 by the plate reader in kinetic mode for 8 minutes at 22°C. The
13
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reaction rates were determined from the linear range of the kinetic trace and molar extinction
coefficient of 21.1 mM-1 cm-1 for reduced cytochrome c. The experiment was replicated three
independent times and results were averaged.

Genotyping of CYP1A2 and CYP2C41 polymorphisms
Genomic DNA was isolated from 58 dog livers using DNAzol Reagent following the
manufacturer’s protocol (Invitrogen, Carlsbad, CA, USA). One liver (DL-11) had insufficient

polymorphisms; the CYP1A2 premature stop codon mutation (c.1117C>T; Arg373Stop)
(Tenmizu et al., 2004) and the CYP2C41 gene deletion polymorphism (Blaisdell et al., 1998).
Assays were performed using a CFX96 Real-Time System with C1000 Touch Thermal Cycler
with CFX Manager v. 3.0 software (Bio-Rad Laboratories, Inc.). A custom designed Taqman
SNP Genotyping Assay (Applied Biosystems, Forest City, CA, USA) for the CYP1A2
Arg373Stop variation was employed. Primer sequences were 5’-CCT TAA TGG AGG CCT
TCA TCC-3’ and 5’-CAG AAG AAG CAG GCC TTA CCT-3’. Reporter sequences were 5’VIC-ATC TTC CGA CAC ACC T-NFQ-3’ and 5’-FAM-ATC TTC TGA CAC ACC T-NFQ-3’.
The assay was performed with TaqMan Genotyping Master Mix (Applied Biosystems) using 10
ng of DNA in a 20 µL reaction. The cycling conditions were: 95ºC for 10 min for enzyme
activation and initial denaturation followed by 70 cycles of 95ºC for 15 sec and 60ºC for 1.5 min.
Allele calls were made using the CFX Manager software. Results were validated by direct
sequencing of representative samples.
Predesigned TaqMan Gene Expression Assays (Applied Biosystems) were used to
determine CYP2C41 gene copy number with canine UGT1A as the reference gene. The
14
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CYP2C41 assay (Cf03054282_u1 with a FAM labeled probe) amplified a 103 bp region within
exon 8 of the CYP2C41 gene (Genbank IDs: mRNA-NM_001003334; gene-HF677515). The
reference gene assay (Cf03987062_sH with a FAM labeled probe) amplified a 98 bp region
within the highly conserved exon 5 of the UGT1A gene (Genbank IDs: mRNA-NM_001003078;
gene-NC_006607.3 [45081655..45161584]). Paired (CYP2C41 and reference gene) assays were
performed with TaqMan Gene Expression Master Mix (Applied Biosystems) using 10 ng of

genotyping. The amount of CYP2C41 DNA normalized to reference gene DNA content was
calculated using the 2^(-ΔΔCt) method. Results were expressed relative to the liver sample with
the highest CYP2C41 DNA content (dog liver 44), which was anticipated to contain two
CYP2C41 gene copies. The reproducibility of results was verified by analysis of representative
DNA samples with zero, one, and two CYP2C41 gene copies in three independent experiments.
Observed CYP1A2 and CYP2C41 genotype frequencies were evaluated for consistency with the
expected genotype frequencies (Hardy-Weinberg equilibrium distribution) by Chi-squared test
with one degree of freedom.

Mass spectrometry quantitation of CYP and accessory enzymes
LC-MS/MS proteomic analysis
Aliquots of 80 µg of microsomal protein were used for proteomics sample preparation
based on a previously reported Lys-C/Trypsin combinatorial digest protocol (Glatter et al., 2012)
with some modifications as described by Shi et al. (Shi, Wang, Lyu, et al., 2018). LC-MS/MS
analysis was performed on a TripleTOF 5600+ mass spectrometer (AB Sciex, Framingham, MA,
USA) coupled with an Eksigent 2D plus LC system (Eksigent Technologies, Dublin, CA, USA).
15
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A trap-elute configuration was used for LC separation, which includes a trapping column
(ChromXP C18-CL, 120 Å, 10 x 0.3 mm, 5 μm cartridge, Eksigent Technologies) and an
analytical column (ChromXP C18-CL, 120 Å, 150 × 0.3 mm, 5 μm, Eksigent Technologies).
Five µg of protein was injected for analysis from each sample followed by a blank injection to
prevent sample carryover. The LC method and ion source settings were identical to our previous
report (Shi, Wang, Zhu, et al., 2018).

1250 Da, followed by MS/MS scans in high sensitivity mode from 100 to 1500 Da for the top 30
precursor ions from the TOF-MS scan (50 ms accumulation time, 10 ppm mass tolerance, charge
state from +2 to +5, rolling collision energy, and dynamic accumulation). Former target ions
were excluded from MS/MS scan for 15 s.
Proteomics data analysis
The proteomics data were analyzed using the MaxQuant software (version 1.6.1.0, Max
Planck Institute of Biochemistry, Germany) with default settings. The dog proteome FASTA file
with 25,491 entries (Proteome ID UP000002254, downloaded from UniProtKB on 1/31/2018)
was used as reference.
Absolute protein quantification was based on the TPA method. It assumes that the total
MS signal from all identified proteins in the dataset reflects the total protein amount and the MS
signal from an individual protein corresponds to its abundance in the sample (Wiśniewski, 2017).
Thus, the concentration of a protein (mol/g total protein) was calculated by the following
equation:

16
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MS−signal (i)

Protein concentration (i) = Total MS−signal × molecular weight (i)

Statistical analyses
Shapiro-Wilk test for normality was used to determine the distribution shape of activity
and protein abundance data. Most activity and protein abundance data sets were not normally
distributed warranting the use of nonparametric methods for statistical analyses. Relationships
between protein abundance and enzyme activities were evaluated by calculation of the Spearman

significance on protein expression. Mann-Whitney U tests for two groups and Dunn’s multiple
comparison for three or more groups, were used to compare enzyme expression differences
between gender and breed, respectively. Statistical analyses were performed using Sigma Plot 12
software (Systat Software Inc., San Jose, CA). For most statistical tests, a P value of less than
0.05 was considered statistically significant. For correlation analyses, a Rs value of less than 0.05
was considered indicative of a meaningful (moderate to strong) relationship between the
variables being evaluated.

RESULTS
Expression profiles of 11 CYPs, POR, and CYB5A in canine liver microsomes
A total of 59 canine liver specimens from 4 different dog breeds and mixed-breed dogs
were assayed to examine interindividual and breed-related differences in absolute expression of
11 drug metabolizing CYP enzymes (CYP1A1, CYP1A2, CYP2A13, CYP2A25, CYP2B11,
CYP2C21, CYP2C41, CYP2D15, CYP2E1, CYP3A12, and CYP3A26) and two accessory
proteins (POR and CYB5A) using a quantitative LC-MS/MS method. Table 1 summarizes the
17
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mean (CV%) microsomal abundance values for these data for all dog livers (N = 59), as well as a
subset containing only research Beagle dog livers (N = 25). Microsomal abundance values for
each of these CYP isoforms and accessory proteins in individual dog livers results are given in
Supplemental Table S1.
Six of 11 CYP isoforms and both of the accessory proteins could be quantified in all 59
dog liver microsome samples. CYP1A2 and CYP2A13 were quantifiable in 58 samples,

Comparing average protein abundance of the 11 CYP isoforms and 2 accessory proteins in all
liver samples, 3 proteins were highly expressed: CYB5A > CYP2D15 > CYP3A12 (more than
120 pmol/mg microsomal protein). Five proteins were intermediately expressed: CYP1A2 =
CYP2B11 = CYP2E1 > CYP2C21 > POR (40 to 89 pmol/mg microsomal protein). The
remaining 5 proteins had low expression: CYP2A13 = CYP2A25 = CYP2C41 > CYP3A26 =
CYP1A1 (less than 12 pmol/mg microsomal protein). As indicated by CV% values,
interindividual variability in protein abundance was high (105 - 276%) for two CYPs: CYP1A1
> CYP1A2; intermediate (36 to 67%) for 7 CYPs: CYP2C41 = CYP2A13 > CYP2B11 =
CYP3A26 = CYP2A25 > CYP3A12 = CYP2C21; and low (16 – 28%) for two CYPs and the two
accessory proteins: POR = CYP2E1 = CYP2D15 > CYB5A.

Correlation with immunoblot estimates, marker activities, and null alleles
Additional validation of the current LC-MS/MS derived abundance values was performed
by correlation with immunoblot-quantified expression levels, marker enzyme activities, and null
genotypes for selected CYPs determined in the same liver samples. Results of Spearman
correlation analyses between immunoquantified (CYP1A2 and CYP2B11) and LC-MS/MS
18
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quantified protein concentrations are given in Table 2. Immunoquantified CYP1A2 abundance
correlated most strongly with LC-MS/MS quantified CYP1A2 ( Rs = 0.69, P < 0.001; Figure
1A) but poorly with concentrations of all other CYP and accessory proteins (Rs < 0.5). Similarly,
immunoquantified CYP2B11 abundance correlated very strongly with LC-MS/MS quantified
CYP2B11 (Rs = 0.89, P < 0.001; Figure 1B) but not with concentrations of any other CYP or
accessory proteins (Rs < 0.4).

MS/MS abundance values measured in the same livers were assessed (Table 3). Both CYP2B11
markers, propofol hydroxylation (Rs = 0.64, P < 0.001; Figure 2A) and tramadol Ndemethylation (Rs = 0.74, P < 0.001; Figure 2B), best correlated with CYP2B11 abundance.
Moderate correlation was also found between propofol hydroxylation and CYB5A abundance
(Rs = 0.58, P < 0.001), while weaker or no correlation was observed between both of the
CYP2B11 marker activities and abundance estimates of other CYPs or accessory proteins (Rs <
0.5). Similarly, both CYP2D15 markers, including dextromethorphan O-demethylation (Rs =
0.72, P < 0.001; Figure 2C) and tramadol O-demethylation (Rs = 0.67, P < 0.001; Figure 2D)
best correlated with CYP2D15 abundance. Much weaker or no correlation was observed between
both of the CYP2D15 marker activities and abundance estimates of other CYPs or accessory
proteins (Rs < 0.5). Omeprazole sulfonation, a CYP3A maker activity, best correlated with
CYP3A12 abundance (Rs = 0.71, P < 0.0001; Figure 2E) while weaker or no correlation was
observed between omeprazole sulfonation and abundance estimates of other CYPs or accessory
proteins (Rs < 0.5). Lastly, cytochrome c reduction activity (Rs = 0.58, P < 0.001; Figure 2F)
best correlated with POR abundance, but not with CYB5A or CYP abundance estimates (Rs <
0.5).
19
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Dog livers were genotyped for two known CYP polymorphisms, the CYP1A2 premature
stop codon mutation (Arg373Stop) and the CYP2C41 gene deletion polymorphism, each
predicted to result in reduced (when heterozygous) or absent (when homozygous) amounts of the
respective protein. One dog liver (DL-11) could not be genotyped because a DNA sample was
unavailable. Observed CYP1A2 and CYP2C41 genotype frequencies did not deviate from the
expected Hardy-Weinberg equilibrium distribution of genotype frequencies (P > 0.05; Chi-

As shown in Figure 3, one liver (DL-55) out of 58 dog livers was determined to be
homozygous for the CYP1A2 stop codon variant. Liver DL-55 was also the only liver sample
that did not have detectable CYP1A2 protein. Genotyping of the other liver samples identified 11
heterozygous and 46 reference CYP1A2 genotype livers that had similar median CYP1A2
abundance estimates of 65 and 64 pmol/mg microsomal protein, respectively (P = 0.99; MannWhitney U test).
CYP2C41 genotyping showed that the majority of livers (46 of 58) lacked detectable
CYP2C41 DNA, and were assigned the CYP2C41 null genotype (-/-) (Figure 4A). Of the
remaining 12 livers with detectable CYP2C41 DNA, one liver from a female purpose bred
research hound (DL-44) showed exactly twice the amount of CYP2C41 DNA when compared
with the other 11 livers. Consequently, liver DL-44 was presumed to contain two CYP2C41 gene
copies and was assigned the +/+ genotype. The remaining 11 livers were assigned the
heterozygous +/- genotype. Figure 4B shows the distribution of CYP2C41 protein abundance
among livers with each genotype. None of the 46 livers assigned the -/- genotype contained
detectable amounts of CYP2C41 protein. The liver assigned the +/+ genotype (DL-44) contained
20
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the highest amount of CYP2C41 protein (18.6 pmol/mg microsomal protein) which was
approximately twice the median abundance for livers assigned the +/- genotype (7.7 pmol/mg
microsomal protein)

Sex and breed differences in CYP, POR and CYB5A expression
Statistical approaches were used to evaluate whether there were differences in liver
microsome CYP or accessory protein (POR and CYB5A) abundance related to the sex or breed

Mann-Whitney U test) and CYP2C21 (by 18%, P = 0.042, Mann-Whitney U test) protein
concentrations were found in female compared with male dogs. Slightly lower median CYP2A25
(by 22%, P = 0.029, Mann-Whitney U test) protein concentration was also found in female
compared with male dogs. No other sex-related differences in protein abundance were observed
for any of the remaining CYPs, POR or CYB5A (P > 0.05, Mann-Whitney U test).
Dog breed-associated variability in protein abundance of each of the 11 CYPs and 2
accessory proteins are shown in Supplementary Figure S1 (panels A to M). Results of
comparisons between dog breeds using Dunn’s multiple comparisons testing (conducted if initial
ANOVA P value < 0.05) are given in Table 5. As shown in Figure 5, substantial differences in
CYP2B11 abundance were found between multiple breeds (P < 0.0001). Compared with
purpose-bred research Hounds, median CYP2B11 abundance was lower in mixed-breed dogs (by
53%, P < 0.001), Chihuahuas (by 59%, P = 0.003), and Greyhounds (by 77%, P < 0.001).
Greyhounds also showed lower median CYP2B11 abundance (by 68%, P = 0.008) compared
with purpose-bred research Beagle dogs. Higher median CYP3A12 abundance (by 51%, P =
0.02) was observed in purpose-bred research Hounds compared with mixed-breed dogs (Table 5;
21
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Supplementary Figure S1 panel J). Higher median CYP3A26 abundance (by 51%, P = 0.004)
was also observed in purpose-bred research Hounds compared with Greyhounds (Table 5;
Supplementary Figure S1 panel K). Conversely, lower CYP2C21 abundance (by 35%, P =
0.003) was observed in purpose-bred research Hounds compared with purpose-bred research
Beagle dogs (Table 5; Supplementary Figure S1 panel F). No differences in protein abundance
between dog breeds were observed for CYP1A1, CYP1A2, CYP2A13, CYP2A25, CYP2C41,

DISCUSSION
This is the first study to use quantitative proteomics to characterize interindividual, sex,
and breed variability in CYP drug metabolizing enzyme content in a moderately large and
diverse bank of canine liver microsomes. Furthermore, we provide the first estimates of the
absolute abundance of CYP1A1, CYP2A13, CYP2A25, CYP2C41, POR and CYB5A in canine
liver microsomes, making this the most complete assessment of hepatic microsomal drug
metabolizing CYP and accessory proteins in the dog to date. The main findings were high
interindividual variation (> 100% CV) in expression of two CYPs (CYP1A1 and CYP1A2),
minimal effect of the sex of the dog, and marked breed-associated variability for one of the
major drug metabolizing CYPs in dog liver (CYP2B11).
Average CYP abundance estimates in the current study were similar to values reported in
the two previous studies (Eguchi et al., 1996; Heikkinen et al., 2015), generally differing by less
than 2.5-fold (Table 1). Similarly, a study comparing human CYP abundances for hepatocyte and
liver tissues measured by TPA to abundance values from two meta-analyses using other
22
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quantitative and semiquantitative techniques found that the median absolute fold difference was
2.2 with no trend of either over- or underestimating abundances (Vildhede et al., 2015).
Explanations for discrepancies in CYP abundance between studies may include experimental
technique differences associated with the preparation of the liver microsomes, the protein
quantitation method (ELISA versus surrogate peptide vs TPA), biological differences related to
their differing genetic backgrounds, or non-genetic factors such as diet or other environmental

also displays substantial genetic polymorphisms and is highly inducible.
The Heikkinen study primarily used Beagles from a closed colony in New Jersey (USA)
and the Eguchi study used Beagles from Japan, while our study used Beagles from multiple
sources in the USA. We have previously observed (Court, 2013; Mealey et al., 2019) that the
frequencies of the CYP1A2 stop codon mutation is higher in Beagles from Japan (37-39%), than
Beagles from Germany (15%) or the USA (13%) (Mise et al., 2004; Tenmizu et al., 2004;
Whiterock et al., 2007; Aretz and Geyer, 2011) Beagles in this study had a CYP1A2 stop codon
frequency of 22%. Consequently, the lower CYP1A2 abundance reported by Eguchi may be a
consequence of a higher prevalence of the stop codon mutation in Japanese Beagles.
Our results confirm that CYP3A26 is a minor isoform in dog liver as suggested by
Heikkinen et al (2015). Furthermore, CYP1A1 expression was undetectable (N = 36) or was
quite low (N = 21) in most livers, averaging only about 3-4% of CYP1A2 expression, indicating
that CYP1A1 is also a minor hepatic isoform in most dogs. This is consistent with results from a
prior study that showed undetectable CYP1A1 mRNA and relatively low CYP1A2 mRNA by
Northern blot in untreated dog livers (Uchida et al., 1990). However, two livers in this study,
23
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DL-05 (female mixed-breed) and DL-29 (female Beagle), had unusually high concentrations of
CYP1A1 (52 and 39 pmol/mg, respectively; Supplementary Figure S1panel A) as well as
CYP1A2 (266 and 349 pmol/mg, respectively; Supplementary Figure S1panel B). The prior
study (Uchida et al., 1990) also showed significant induction of CYP1A1 and CYP1A2 mRNA
levels in livers following treatment of dogs with a prototypical aryl hydrocarbon receptor.
Although we excluded livers from dogs with a known recent history of pharmaceutical exposure,

in exposure to aryl hydrocarbons present in the diet or other environmental sources.
Both CYP2A13 and CYP2A25 showed relatively low levels of expression in all livers.
The role of the CYP2A enzymes in drug metabolism in dogs is currently unclear. In the only
study that characterized the function of these enzymes, recombinant CYP2A13 showed
phenacetin O-deethylation activity (intrinsic clearance of 0.92 µl/min/pmol P450) that was
comparable to CYP1A2 (1.1 µl/min/pmol P450) (Zhou et al., 2010). Based on this finding, it
was suggested that metabolism by CYP2A13 could limit the utility of phenacetin O-deethylation
as a specific marker activity for CYP1A2 in dog liver. However, extrapolation of these intrinsic
clearances to liver microsomes using the average CYP2A13 and CYP1A2 abundances from this
study (11 and 89 pmole/mg, respectively) results in values of 10 and 98 µl/min/mg microsomal
protein, respectively. This indicates that the contribution of CYP2A13 to phenacetin Odeethylation in liver microsomes would be only about 10% that of CYP1A2. Further studies of
phenacetin O-deethylation using a full set of recombinant enzymes and other approaches are
needed to resolve this issue.
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In addition to showing significant correlations between marker activities, immunoblot
estimates, and quantitative protein abundance of CYP2B11, CYP2D15, CYP3A12, and POR, we
also validated our data through genotyping liver samples for the CYP1A2 stop codon and
CYP2C41 gene deletion polymorphisms. As expected, no CYP1A2 or CYP2C41 protein was
measured in livers that were homozygous variant genotype for the respective polymorphism. An
assay for determining CYP2C41 copy number has not yet been reported, and so the protein

Several reaction phenotyping studies using recombinant canine CYP enzymes identified
diclofenac, S-mephenytoin, tramadol, and tramadol metabolites as CYP2C41 substrates (Shou et
al., 2003; Locuson et al., 2009; Perez et al., 2016; Perez Jimenez et al., 2018). However, the
other closely related CYP2C isoform in dogs (CYPC21) also metabolized these substrates to
varying extents. Until this report, the liver content of CYP2C41 in dogs that possessed at least
one copy of the gene was unknown and thus the clinical importance of CYP2C41 (relative to
CYP2C21 and other CYPs) for drug metabolism in dogs was unclear. Based on the CYP2C
protein content determined in this study (Table S1), the abundance of CYP2C41 relative to
CYP2C21 in the 12 dogs expressing CYP2C41 averaged 20%, but ranged from 2% (in DL-56) to
as high as 49% (in DL-44). The latter dog (DL-44) showed the highest CYP2C41 abundance (19
pmoles/mg) and was the only dog that we identified with two CYP2C41 gene copies.
Consequently, CYP2C41 could substantially contribute to drug metabolism in dogs expressing
this gene, especially when reaction phenotyping studies for a drug show higher activity for
recombinant CYP2C41 relative to other CYPs after correction for hepatic abundance.

25
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This is the first report of the absolute abundance of POR and CYB5A in canine hepatic
microsomes. POR content in dog liver microsomes (40 ± 11 pmoles/mg) was approximately
midway between reported estimates for human liver microsomes from a primarily white
American population (mean 25 pmoles/mg; Shirasaka et al, 2016), and those from a Chinese
population (median 68 pmoles/mg; Zhang et al, 2016). CYB5A content in dog liver microsomes
(mean 431 ± 69 pmoles/mg) was somewhat higher than the published estimate for liver

liver microsomes (Zhang et al., 2015, 2016; Shirasaka et al., 2016), interindividual variability for
both accessory proteins in dog liver was relatively low. POR is the obligate electron donor to all
microsomal CYP enzymes, while CYB5A enhances metabolism of multiple CYPs (Waskell and
Kim, 2015). Low interindividual variability may be a reflection of their importance in the
metabolism of xenobiotics and endogenous compounds.
Sex substantially influences hepatic expression of CYPs in some species, particularly
rodents. Higher hepatic CYP3A4 expression has been reported for female versus male humans,
while other CYPs are not consistently different (Zanger and Schwab, 2013). Previous studies of
Beagle livers found no differences between sexes in the protein abundance of CYP1A2,
CYP2B11, CYP2C21, CYP2D15, CYP2E1, CYP3A12, or CYP3A26 (Eguchi et al., 1996;
Heikkinen et al., 2015). Our findings largely agree with those findings. Small, albeit statistically
significant, differences were observed for CYP2A13 (higher in females), CYP2A25 (higher in
males), and CYP2C21 (higher in females). However, given the small size of these differences
(less than 30%), it is unlikely there would be any clinically meaningful effect.
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To date, CYP content has been reported only for purpose-bred Beagle dogs. Yet, there
are more than 350 distinct breeds of dog worldwide (Parker et al., 2017). Hepatic CYP
expression varies between humans with differing racial, ethnic, and geographic origins that are
largely explained by genetic variation (Zanger and Schwab, 2013). Consequently, it is not
surprising that breed-associated differences in hepatic CYP expression were found in this study.
Large differences in CYP2B11 abundance were found between dog breeds with research Hounds

intermediate, while Greyhounds had the lowest abundance. Furthermore, our results suggest that
breed differences may be minimal for the other drug metabolizing CYPs we assayed. However,
our dog liver microsome bank only contained four different breeds plus mixed-breed dogs.
Consequently, additional breed-related differences in abundance of drug-metabolizing CYPs
may exist in other breeds not represented in our bank.
Breed-related differences in CYP2B11 could be explained by genetic polymorphism
and/or differential exposure to enzyme inducers. Recent work in our laboratory (Martinez et al.,
2018) indicates that low CYP2B11 protein abundance in Greyhounds is caused, in part, by a
variant located in the CYP2B11 3’-UTR that is associated with reduced translational efficiency.
Other CYP2B11 polymorphisms could also explain higher CYP2B11 abundance in research
Beagles and Hounds, although this has not yet been studied. Interestingly, in addition to showing
the highest CYP2B11 abundance (Figure 5), research Hounds also showed the highest CYP3A12
(Supplementary Figure S1 panel J) and CYP3A26 (Supplementary Figure S1 panel K)
abundance. CYP2B and CYP3A enzymes share similar induction mechanisms involving the
constitutive androstane receptor (CAR) and pregnane X receptor (PXR) (Graham et al., 2002).
Consequently, higher CYP2B and CYP3A expression in research Hounds could be a
27

Downloaded from dmd.aspetjournals.org at ASPET Journals on January 8, 2023

and Beagles showing the highest abundance, mixed-breed dogs and Chihuahua were

DMD Fast Forward. Published on August 19, 2019 as DOI: 10.1124/dmd.119.088070
This article has not been copyedited and formatted. The final version may differ from this version.

DMD # 88070

consequence of exposure to a CAR and/or PXR inducer. However, research Hounds also had the
lowest abundance of CYP2C21 (Supplementary Figure S1 panel F), which would argue against
enzyme induction since CYP2C isoforms are also regulated by PXR and CAR. Dogs were
excluded if they had a history of drug exposure within 2 weeks of euthanasia. However, the diet
of each dog was unknown and so we cannot exclude a role for diet in CYP2B11 abundance
differences between breed groups.

of the abundance and interindividual variability of the drug metabolizing CYPs in canine liver.
This information should serve as a useful reference resource for use in drug metabolism research
as well as human and veterinary pharmaceutical development.
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In conclusion, the results of this study provide the most comprehensive estimates to date
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FIGURE LEGENDS
Figure 1. Correlation between protein abundance estimates of CYP1A2 (panel A) and
CYP2B11 (panel B) measured by quantitative mass spectrometry and by semiquantitative
immunoblot in the same set of dog liver microsomes (N = 20). Also shown are the Spearman
correlation coefficients (Rs) and the associated P values for each correlation.

CYP2D15 (panels C and D), CYP3A12 (panel E) and POR (panel F) with their respective
enzyme marker activities propofol hydroxylation (panel A), tramadol N-demethylation (panel B),
dextromethorphan O-demethylation (panel C), tramadol O-demethylation (panel D), omeprazole
sulfonation (panel E), and cytochrome c oxidation (panel F) measured in the same set of dog
liver microsomes (N = 59). Activity data are presented as an average of multiple independent
replicates (number of replicates for each assay described in the Materials and Methods Section).
The average variation between replicate activity assays was less than 20%. Also shown are the
Spearman correlation coefficients (Rs) and the associated P values for each correlation.

Figure 3. Effect of the CYP1A2 stop codon mutation (c.1117C>T; p.R373X) on the protein
abundance of CYP1A2 measured by LC-MS/MS in a bank of dog liver microsomes (N = 59).
Shown are box and whisker plots representing the median, 25th percentile, 75th percentile, range,
and outlier points for each genotype. Below each genotype are the numbers of dogs with that
particular genotype.

Figure 4. CYP2C41 copy number variation (CNV) and CYP2C41 protein abundance measured
by LC-MS/MS in a bank of dog liver microsomes (N = 59). CYP2C41 CNV genotypes were
37
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determined using a real-time PCR assay that measured the amount of CYP2C41 gene (relative to
a control gene) in DNA extracted from each liver sample (see Materials and Methods section for
details). As shown in panel A, 46 livers were assigned the “-/-“ genotype (CYP2C41 gene
absent), 11 livers the “+/-“ genotype (one CYP2C41 gene copy present), and one liver (#44) was
assigned the “+/+” genotype (two CYP2C41 gene copies present). Shown in panel B are box and
whisker plots of CYP2C41 protein abundance measured in the same set of livers. Plots represent

each genotype are the numbers of dogs with that particular genotype.
Figure 5. Dog breed-associated differences in liver microsome CYP2B11 abundance (pmol per
mg of microsomal protein). Shown are box and whisker plots representing the median, 25th
percentile, 75th percentile, range, and outlier points for each breed, including 12 purpose-bred
research Hounds, 25 purpose-bred research Beagles, 13 mixed breed dogs, 4 Chihuahuas, and 5
Greyhounds. Differences between breeds were analysed by ANOVA on rank transformed data
with Dunn’s multiple comparisons test. Lowercase letters (a, b, c, or d) indicate breed groups
that were significantly different from each other by Dunn’s test (P < 0.05 for groups with the
same letter). Definitions of the letters are given in Table 5.
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Table 1. Abundance of CYP enzymes and accessory proteins (P450 oxidoreductase, POR;
cytochrome b5A, CYB5A) in a bank of liver microsomes measured by LC-MS/MS. Shown are
the mean and coefficient of variation (CV%) abundance values for the entire liver bank (N = 59)
representing 4 different breeds and mixed-breed dogs, as well as for a subset of Beagle dogs only
(N = 25). Shown for comparison are abundance values reported by other investigators for the
same CYPs in 18 Beagle dogs by Heikkinen et al. (2015) using LC-MS/MS and in 12 Beagle

dogs that express at least one copy of the CYP2C41 gene (12 dogs total, including 4 Beagles).
**Assumed to be primarily CYP1A2 but the ELISA method used did not distinguish between
CYP1A1 and CYP1A2. “-“ indicates that abundance of those proteins was not determined.
Mean (CV%) liver microsomes abundance (pmoles/mg protein)
This study

Heikkinen et al (2015)

Eguchi et al (1996)

All dogs

Research Beagles

Research Beagles

Research Beagles

Protein

(N = 59)

(N = 25)

(N = 18)

(N = 12)

CYP1A1

3.1 (276)

3.3 (247)

-

-

CYP1A2

89 (105)

123 (104)

37 (60)

16 (57)**

CYP2A13

11 (60)

10 (66)

-

-

CYP2A25

8.1 (47)

8.7 (39)

-

-

CYP2B11

79 (52)

86 (47)

35 (34)

51 (14)

CYP2C21

54 (36)

64 (32)

70 (23)

160 (21)

CYP2C41*

8.2 (60)

10 (48)

-

-

CYP2D15

143 (27)

139 (29)

56 (39)

-
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CYP2E1

73 (28)

73 (26)

36 (41)

-

CYP3A12

124 (38)

121 (28)

93 (33)

69 (29)

CYP3A26

3.7 (49)

3.3 (46)

2.7 (34)

-

POR

40 (28)

42 (27)

-

-

CYB5A

431 (16)

456 (17)

-

-
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Table 2. Correlation of the abundance of CYPs and accessory proteins (P450 oxidoreductase,
POR; cytochrome b5A, CYB5A) measured by quantitative mass spectrometry with the
abundance of CYP1A2 and CYP2B11 measured by semiquantitative immunoblot in the same set
of dog liver microsomes (N =20). Shown are the Spearman correlation coefficients (Rs) and the
associated P values for each correlation.
Spearman correlation coefficient (P value)
Immunoblot CYP2B11

CYP1A1

0.25 (0.29)

-0.08 (0.72)

CYP1A2

0.69 (0.0007)

0.26 (0.27)

CYP2A13

-0.24 (0.31)

-0.28 (0.22)

CYP2A25

0.23 (0.33)

0.09 (0.71)

CYP2B11

0.33 (0.15)

0.89 (<0.0001)

CYP2C21

-0.04 (0.87)

0.2 (0.4)

CYP2D15

-0.24 (0.31)

-0.28 (0.23)

CYP2E1

-0.28 (0.23)

-0.64 (0.003)

CYP3A12

0.32 (0.17)

0.23 (0.32)

CYP3A26

-0.06 (0.79)

0.27 (0.26)

POR

0.44 (0.05)

0.13 (0.57)

CYB5A

0.12 (0.4)

0.22 (0.34)
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Table 3. Correlation of CYP and accessory protein (P450 oxidoreductase, POR; cytochrome b5A, CYB5A) concentrations with
marker enzyme activities measured in the same set of dog liver microsomes (N = 59). Propofol hydroxylation and tramadol ndemethylation were used as markers of CYP2B11 activity, dextromethorphan O-demethylation and tramadol O-demethylation were
used as markers of CYP2D15 activity, omeprazole sulfonation was used as a marker of CYP3A activity, while cytochrome c oxidation
was used as a marker of POR activity. Activity data are presented as an average of multiple independent replicates (number of
replicates for each assay described in the Materials and Methods Section). The average variation between replicate activity assays was
less than 20%. Shown are the Spearman correlation coefficients (Rs) and the associated P values for each correlation. *Note that the
results given for CYP2C41 are for the 12 dogs that express at least one copy of the CYP2C41 gene (4 males and 8 females)
Spearman correlation coefficient (P value)
Propofol

Tramadol N-

Dextromethorphan O-

Tramadol O-

Omeprazole

Cytochrome C

hydroxylation

demethylation

demethylation

demethylation

sulfonation

oxidation

CYP1A1

-0.01 (0.9)

-0.14 (0.3)

-0.28 (0.03)

-0.19 (0.2)

0.17 (0.2)

0.28 (0.03)

CYP1A2

0.18 (0.2)

0.05 (0.7)

-0.17 (0.2)

-0.16 (0.2)

0.26 (0.05)

0.38 (0.003)

CYP2A13

0.16 (0.2)

0.16 (0.2)

0.43 (0.0008)

0.38 (0.003)

0.15 (0.3)

-0.23 (0.09)

CYP2A25

0.09 (0.5)

-0.08 (0.5)

0.15 (0.3)

0.1 (0.5)

0.17 (0.2)

0.26 (0.05)

CYP2B11

0.64 (<0.0001)

0.74 (<0.0001)

0.22 (0.1)

0.13 (0.3)

0.43 (0.0009)

0.07 (0.6)
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CYP2C21

0.36 (0.005)

0.18 (0.2)

0.26 (0.05)

0.31 (0.02)

0.01 (0.9)

0.43 (0.0008)

CYP2C41*

0.36 (0.005)

0.39 (0.003)

0.24 (0.06)

0.22 (0.1)

0.08 (0.5)

-0.02 (0.9)

CYP2D15

0.32 (0.01)

0.32 (0.01)

0.72 (<0.0001)

0.67 (<0.0001)

0.23 (0.08)

-0.1 (0.4)

CYP2E1

-0.06 (0.7)

-0.13 (0.3)

0.15 (0.3)

0.19 (0.2)

-0.13 (0.3)

0.06 (0.6)

CYP3A12

0.49 (0.0002)

0.42 (0.001)

0.21 (0.1)

0.07 (0.6)

0.71 (<0.0001)

0.19 (0.2)

CYP3A26

0.49 (0.0002)

0.42 (0.0009)

0.34 (0.009)

0.24 (0.07)

0.5 (<0.0001)

-0.07 (0.6)

0.4 (0.002)

0.2 (0.1)

0.01 (0.9)

0.05 (0.7)

0.47 (0.0002)

0.58 (<0.0001)

0.58 (<0.0001)

0.39 (0.003)

0.38 (0.003)

0.29 (0.02)

0.48 (0.0002)

0.42 (0.001)

POR
CYB5A
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Table 4. Comparison of CYP and accessory protein (P450 oxidoreductase, POR; cytochrome
b5A, CYB5A) abundance measured in liver microsomes from 32 male and 27 female dogs.
Shown are the median and interquartile range (25% - 75%) for each sex and the results (P value)
of Mann-Whitney U test comparing sexes. *Note that the results given for CYP2C41 are for the
12 dogs that express at least one copy of the CYP2C41 gene (4 males and 8 females).
Liver microsomes abundance
Downloaded from dmd.aspetjournals.org at ASPET Journals on January 8, 2023

Median (25% - 75%) pmoles/mg protein
Protein

Males (N = 32)

Females (N = 27)

P value

CYP1A1

0.1 (0.0 - 2.4)

0.9 (0.0 - 3.2)

0.11

CYP1A2

64 (39 - 84)

61 (43 - 90)

0.86

CYP2A13

8.3 (4.8 - 13.6)

11 (7 - 17)

0.036

CYP2A25

8.1 (6.5 - 10.8)

5.8 (4.9 - 9.0)

0.029

CYP2B11

73 (44 - 101)

79 (48 - 116)

0.37

CYP2C21

51 (47 - 65)

46 (36 - 57)

0.042

CYP2C41*

4.3 (2.0 - 8.3)

7.8 (7.5 - 10.0)

0.21

CYP2D15

136 (116 - 172)

140 (117 - 167)

0.92

72 (61 - 88)

72 (61 - 79)

0.55

CYP3A12

115 (91 - 142)

133 (100 - 152)

0.23

CYP3A26

3.1 (2.2 - 4.7)

4.0 (3.0 - 5.2)

0.10

39 (30 - 45)

40 (35 - 47)

0.16

436 (382 - 499)

429 (401 - 461)

0.59

CYP2E1

POR
CYB5A
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Table 5. Comparison of CYP and accessory protein (P450 oxidoreductase, POR; cytochrome B5A, CYB5A) abundance in liver
microsomes from 4 different dog breeds and 13 mixed-breed dogs. Shown are the median and interquartile range (25% - 75%) for
each breed and mixed-breed dogs and the results of ANOVA on rank transformed data. In instances where ANOVA results were
significant (P < 0.05), Dunn’s test was used to isolate breed groups that were significantly different from each other in the abundance
of that protein. *Note that the results given for CYP2C41 are for the 12 dogs that express at least one copy of the CYP2C41 gene (6
research Hounds, 4 Beagles, 1 Mixed-breed, and 1 Chihuahua).
Liver microsomes abundance (median [25% - 75%] pmoles/mg protein)
Research

Mixed-breed

Research Hounds

Beagles

dogs

Chihuahuas

Greyhounds

(N = 12)

(N = 25)

(N = 13)

(N = 4)

(N = 5)

CYP1A1

0.2 (0.0 - 1.0)

0.0 (0.0 - 3.9)

1.6 (0.2 - 4.9)

1.6 (1.0 - 2.4)

CYP1A2

53 (42 - 66)

72 (54 - 107)

61 (37 - 98)

CYP2A13

13 (11 - 16)

8.6 (5.6 - 13.5)

CYP2A25

5.4 (4.1 - 6.0)

CYP2B11
CYP2C21

Protein

ANOVA

Dunn's test

(P value)

(P < 0.05)

0.8 (0.2 - 1.5)

0.39

-

65 (43 - 85)

48 (44 - 74)

0.35

-

6.5 (4.3 - 9.3)

9.3 (3.4 - 16.1)

16 (15 - 17)

0.043

-

8.2 (6.5 - 11.2)

9.8 (6.8 - 10.8)

11.6 (7.9 - 14.5)

6.8 (4.8 - 7.6)

0.008

-

120 (112 - 129)

78 (67 - 101)

45 (37 - 72)

40 (37 - 47)

30 (28 - 31)

<0.0001

a,b,c,d

40 (36 - 44)

58 (50 - 77)

50 (47 - 56)

48 (43 - 54)

47 (39 - 48)

0.006

e
45
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7.8 (7.1 - 10.3)

5.0 (2.0 - 9.4)

9.7

6.2

--

CYP2D15

167 (140 - 186)

127 (100 - 181)

138 (112 - 148)

136 (115 - 167)

131 (118 - 135)

68 (59 - 76)

72 (59 - 84)

67 (62 - 80)

72 (53 - 88)

97 (81 - 99)

CYP3A12

145 (130 - 174)

118 (108 - 139)

93 (70 - 127)

117 (107 - 132)

91 (87 - 144)

CYP3A26

5.2 (4.5 - 6.2)

3.0 (2.2 - 4.3)

3.2 (2.6 - 5.2)

3.1 (2.2 - 3.9)

2.1 (0.6 - 3.0)

40 (36 - 42)

42 (33 - 49)

41 (28 - 51)

39 (36 - 43)

32 (30 - 35)

436 (393 - 458)

464 (425 - 506)

402 (381 - 429)

427 (380 - 442)

382 (328 - 459)

CYP2E1

POR
CYB5A

a: Research Hounds vs Mixed-breed dogs
b: Research Hounds vs Chihuahuas
c: Research Hounds vs Greyhounds
d: Research Beagles vs Greyhounds
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CYP2C41*

0.37

-

0.16

-

0.35

-

0.031

a

0.002

c

0.44

-

0.09

-

e: Research Hounds vs Research Beagles
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