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ABSTRACT
Purpose Beagle dogs are used to study oral pharmacokinetics and
guide development of drug formulations for human use. Since
mechanistic insight into species differences is needed to translate
findings in this species to human, abundances of cytochrome P450
(CYP) and uridine diphosphate glucuronosyltransferase (UGT) drug
metabolizing enzymes have been quantified in dog liver and intestine.
Methods Abundances of enzymes were measured in Beagle
dog intestine and liver using selected reaction monitoring mass
spectrometry.
Results Seven and two CYPs were present in the liver and
intestine, respectively. CYP3A12 was the most abundant CYP in
both tissues. Seven UGTenzymes were quantified in the liver and
seven in the intestine although UGT1A11 and UGT1A9 were
present only in the intestine and UGT1A7 and UGT2B31 were
found only in the liver. UGT1A11 and UGT1A2 were the most
abundant UGTs in the intestine and UGT2B31 was the most
abundant UGT in the liver. Summed abundance of UGTenzymes
was similar to the sum of CYP enzymes in the liver whereas
intestinal UGTs were up to four times more abundant than CYPs.
The estimated coefficients of variation of abundance estimates in

the livers of 14 donors were separated into biological and tech-
nical components which ranged from 14 to 49% and 20 to 39%,
respectively.
Conclusions Abundances of canine CYP enzymes in liver and
intestine have been confirmed in a larger number of dogs and
UGT abundances have been quantified for the first time. The
biological variability in hepatic CYPs and UGTs has also been
estimated.

KEYWORDS Canine . Drug metabolism . Interspecies
differences . Protein quantitation . In vitro-in vivo extrapolation

INTRODUCTION

Mass spectrometry based quantitative proteomics has been
shown to be useful to measure the abundance of drug metab-
olizing enzymes and drug transporters in various human and
animal tissues as well as in in vitro experimental systems derived
from those tissues [1–3]. One motivation for such
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measurements is that enzyme/transporter activity in vivo

and in vitro is believed to be proportional to enzyme/
transporter abundance. Thus, abundance differences be-
tween an in vitro system and an intact tissue may be used as
a scaling factor for in vitro to in vivo extrapolation (IVIVE) of
activity [4, 5]. Furthermore, abundance measurements
with associated variances may be applied for prediction
of variability [6] and inter-population differences [7] in
drug pharmacokinetics. Indeed, examples of utilization of
mass spectrometry based quantitative proteomics data for
IVIVE of drug metabolism and transport in physiological-
ly based pharmacokinetic (PBPK) models have recently
appeared [8–10].

PBPK models are a powerful tool for integration of quan-
titative data on different mechanisms affecting pharmacoki-
netics (PK) and for prediction of PK in human and animal
populations. One strategy for prediction of human PK holds
that confidence in predictions is improved by first building
models for animal species and verifying them against in vivo

observations [11, 12]. This strategy has proven useful, but it
relies on a good understanding of the species differences in the
mechanisms affecting PK in all the species used. Moreover,
beagle dogs are often used to test clinical formulations [13]
and gain insights into the mechanisms of food effects [14] and
when predicting human oral PK, PBPK modeling in the dog
has been shown to be useful as a verification step [15–17].
Such translational use of PK in dog needs to account for
species differences in intestinal physiology [18–20] and in
the function of drug metabolizing enzymes [21, 22]. Thus,
recently developed dog specific tools, including biorelevant
canine intestinal fluids [23] and scaling factors for IVIVE of
cytochrome P450 (CYP) mediated metabolism [9, 24] have
strengthened the approach. However, many gaps still remain
and so the current study was performed to expand on previous
work supporting the physiological basis of PBPK models of
dog. Specifically, the abundances of the 7 CYP enzymes
studied earlier in four donors [24] have been measured in
an additional 14 livers and 5 intestines. Additionally, abun-
dances of 12 UGT enzymes have been studied in the same
samples. Microsomes, a subcellular fraction which excludes
the nuclear and cytosolic proteins of the cell and is thus
enriched with proteins located at the endoplasmic reticulum
is commonly used as an in vitro model for CYP and UGT
mediated metabolism. Furthermore, IVIVE of metabolism
from microsomes generally uses enzyme independent scaling
factors [25], assuming that each enzyme is equally enriched in
the microsomal fraction. To evaluate the validity of this
assumption, quantitative data on enzyme concentrations in
both tissue homogenate and corresponding microsomal
samples has been analyzed to derive values for the enrich-
ment of individual enzymes achieved by the cell fraction-
ation step. Moreover, replication of liver tissue processing
was performed to allow separation of the technical and the

underlying biological variability of CYP and UGT enzyme
abundance. The estimates of biological variability provide a
basis for bottom-up predictions of variability in hepatic
metabolism. Furthermore, quantification of individual
UGT protein levels expands significantly our knowledge
of the enzymes involved in dog intestinal and hepatic
glucuronidation.

In addition to their value in prediction for human, under-
standing of the factors affecting PK in dogs is obviously
valuable for veterinary drug development and exploration of
drug metabolizing enzymes as a source of variability in canine
pharmacokinetics has been recently advocated by the FDA
[20, 26].

MATERIALS AND METHODS

Chemicals

Unless otherwise noted, all the chemicals were from commer-
cial sources and were of analytical grade or better.

Biological Samples

Beagle dog necropsy was performed at F. Hoffmann-La
Roche Ltd (Nutley, NJ) according to institutional guidelines
in compliance with national and regional legislation. All the
donors were non-naïve animals used for pharmacokinetic
studies, but had not received any investigational compounds
within the 6 months prior to necropsy. The ages and weights
of the dogs ranged from 31 to 35 months and from 7 to 14 kg,
respectively.

Liver samples weighing approximately 10 g were collected
from 4 female and 10 male beagle dogs and were snap frozen
with liquid nitrogen. The liver samples were stored at−80°C
until further processing.

Intestinal tissue was collected from 3 female and 2 male
beagle dogs. Small intestines were divided into 5 equal seg-
ments (median length 53 cm), and colon (median length
29 cm) collected as a separate anatomical segment at Roche
(Nutley, NJ). Each segment was flushed with ice cold
Dulbeccos Phosphate Buffered Saline, supplemented with
glucose and sodium pyruvate (Lifetechnologies), and contain-
ing protease inhibitor cocktail (Sigma). The small intestine was
divided into equal length segments, instead of anatomical
division to duodenum, jejunum and ileum, in order to mini-
mize the tissue handling times and protein degradation before
washing the segments and addition of protease inhibitor.
Segments were shipped overnight on wet ice in fresh flush
solution to Bristol-Myers Squibb (Princeton, NJ) and were
further processed within 10 h of arrival.
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Liver Microsomal Preparation

In order to minimize protein degradation, all the tissue pro-
cessing steps were done on ice. Liver tissue was thawed,
divided into three equal size samples and the weight of each
sample was recorded. Further tissue processing was conducted
in triplicate from each donor.

The liver samples were chopped into small pieces with a
scalpel and homogenized using Ultra-Turrax homogenizer
for 10 s in 100 mM Tris–HCl buffer, pH 7.4, containing
1 mM K2-EDTA (4 ml g−1 liver) and further homogenized
by 10 passes in Potter Elvehjem rotating homogenizer. Liver
homogenate was centrifuged at 10 000 g for 15 min at 4°C.
The supernatant (‘S9 fraction’) was collected, weighed and
centrifuged at 100 000 g for 60 min at 4°C. The supernatant
(cytosolic fraction) and pellet (microsomal fraction) were sep-
arated and weighed. The microsomal fraction was re-
homogenized with 10 passes in Potter Elvehjem homogenizer
in 100 mM Tris–HCl buffer, pH 7.4, containing 1 mM K2-
EDTA and 20% glycerol (0.7 ml g−1 liver). During tissue
processing, 2 ml samples were collected, weighed and
aliquoted from tissue homogenate, S9, cytosol and microsom-
al fractions followed bymeasurement of protein concentration
using Bicinchoninic acid Assay (Pierce Biotechnology, IL,
USA). The samples were stored at−80°C until further use.

Intestinal Microsomal Preparation

Intestinal homogenates were collected and microsomes were
prepared from all segments for 2 male and 2 female dogs, and,
additionally, homogenate samples were collected from seg-
ments 1, 3, 5 and colon from 1 additional female dog. Intes-
tinal microsome preparation was performed using an opti-
mized method developed in the rat and modified for dog
tissue (Hatley OJD, Jones C, Galetin A & Rostami−Hodjegan A.
[Manuscript in preparation]). In brief, on transfer to the lab,
intestines were flushed with ice cold Solution A, pH7.4,
consisting of Dulbeccos phosphate buffered saline buffer with-
out Ca2+ and Mg2+ (used in all subsequent microsome
preparation buffers), 27 mM sodium citrate monobasic,
0.5 mM dithiothreitol, and protease inhibitor cocktail. Intes-
tines were then filled with solution A re-clamped and incubat-
ed on ice in Solution A for 30min. The entire preparation was
performed on ice to limit warm ischemia and proteolysis.

Intestinal enterocytes were isolated by calcium elution.
Solution B (pH 7.4) contained Dulbeccos phosphate buffered
saline, 5 mM EDTA, 0.5 mM DTT and protease inhibitor
cocktail with 9 UI/ml heparin. Intestines were flushed with
solution B, the elutant collected and then filled until distended
with solution B, sealed, and agitated vigorously for 15min in a
sealed container with incubation buffer solution (pH 7.2)
consisting of Dulbeccos phosphate buffered saline and
20% v/v glycerol. Solution B was collected and intestines

flushed with solution B, refilled, sealed and re-agitated for a
further 15 min. The collected eluent was centrifuged at
2 000 g for 10 min at 4°C. The pellet was taken up by 3–
4 ml per g of cells of solution C. (pH 7.4) which contained
Dulbeccos phosphate buffered saline, 0.25M sucrose, 0.5 mM
EDTA, 5 mM histidine and protease inhibitor cocktail. Dis-
ruption of cells was achieved using a Potter-Elvejhem rotating
homogenizer and an ultrasonic probe (Branson Ultrasonics,
Danbury, CT, USA). A sample of homogenate was then
collected for protein and correction-for-loss experiments. Ho-
mogenate was ultracentrifuged at 10 000 g (Optima LE-80 K,
BeckmanCoulter, 50.2Ti rotor) for 15min 4°C. The resulting
‘S9’ supernatant was filtered through NYTAL filter mesh
(pore size: 150 μm) (Lockertex, Warrington, UK) and then
ultracentrifuged for 70 min at 100 000 g at 4°C. The final
pellet was re-suspended in Tris–HCl buffer (pH 7.4) contain-
ing protease inhibitor cocktail. Protein concentrations of mi-
crosomal and homogenate samples were determined using the
Bicinchoninic acid assay (Pierce Biotechnology, IL, USA).
Remaining yields were stored at−80°C prior to transfer to
the laboratory for further analysis.

Measurement of Enzyme Activity

7-ethoxyresorufin de-ethylation (EROD), a reaction mediated
by canine CYP1A1, CYP1A2 and CYP2A13 [27–29], was
measured in liver homogenates and microsomes and was used
as a marker of recovery of CYP activity during preparation of
microsomes. Similarly, midazolam-1’-hydroxylation (a mark-
er of CYP2B11 activity [30]) was used as the functional
marker for CYP recovery in intestinal microsomes. Addition-
ally, 7-hydroxy-4-trif luoromethylcoumarin (HFC)
glucuronidation, a reaction attributed to several UGT en-
zymes [31] was measured both in liver and intestinal homog-
enates and microsomes.

For EROD measurements, 100 μL of liver homogenates
and microsomes in 100 mM Tris–HCl buffer, pH 7.4, con-
taining 7-ethoxyresorufin was pre-incubated at 37°C for
10 min. The reactions were initiated by adding 50 μl of pre-
heated NADPH-regenerating system (consisting of 1.13 mM
NADP, 12.5 mM isocitric acid, 56.33 mM KCl, 12.5 mM
MgCl2, 0.0125 mMMnCl2 and 0.075 U/mL isocitrate dehy-
drogenase in 187.5 mM Tris–HCl at pH 7.4). Final 7-
ethoxyresorufin and protein concentrations in incubations
were 4 μM and 0.2 mg/mL, respectively. After 30 min incu-
bation the reactions were terminated by addition of 110 μl
stop solution (consisting of 80% acetonitrile and 20% 0.5 M
Tris) and formation of resorufin was quantitated bymeasuring
fluorescence (570 nm excitation and 615 nm emission) with
Victor2 ™ 1,420 Multilabel Plate Reader (PerkinElmer/
Wallac).

Midazolam 1’-hydroxylation was measured by incubating
15 μM midazolam in the presence of intestinal homogenates
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and microsomes (0.5 mg/ml protein in 300 μl volume) in
100 mM Tris–HCl buffer (pH 7.4) and 1 mM NADPH at
37°C. 100 μl samples were withdrawn at 30 min and mixed
immediately with 100 μl ice-cold acetonitrile to stop the
reaction. The amount of 1’-hydroxymidazolam formed was
quantitated using HPLC-MS.

HFC glucuronidation in dog liver homogenates and mi-
crosomes (DLH and DLM, respectively) and dog intestinal
homogenates and microsomes (DIH and DIM, respectively)
was measured as described earlier [31]. Briefly, 20 μM HFC
was incubated with 0.2 mg/mL (DLM and DLH) or 0.5 mg/
mL (DIM and DIH) in the presence of 1 mM UDPGA at
37°C and the decay of HFC was followed by measuring
fluorescence (364 nm excitation and 498 nm emission) once
per minute for 20 min using an EnVision® 2,104 Multilabel
reader (PerkinElmer/Wallac) multi-well reader. HFC clear-
ance was calculated from the slope of the log HFC concen-
tration versus time curve.

Mass Spectrometry Quantitation of CYP and UGT
Enzymes

Denaturation and Digestion of Tissue Homogenate
and Microsome Samples

In addition to intestine and liver tissue homogenate and
microsome samples collected from the Roche Nutley dog
colony, four liver and four intestinal (segment SI4) microsome
samples fromCelsis In Vitro Techologies used in our previous
study [24] were used for assay development for UGT enzyme
quantitation and were included in the current proteomic
analysis.

Homogenate and microsome samples (25 μl suspensions
containing known amount of total protein, approximately
500 μg) were denatured by addition of trifluoroethanol and
ammonium bicarbonate to final concentrations of 50% (v/v)
and 125mM respectively. Cysteines were reduced by addition
of 16 mM 1,4-dithioerythritol followed by incubation at 65°C
for 1 h. Samples were then cooled and cysteines blocked by
addition of 40 mM iodoacetamide followed by incubation at
20°C for 30 min in the dark. Excess iodoacetamide was
blocked by addition of 7 mM 1,4-dithioerythritol followed
by vortexing. Samples were then diluted with 0.1 mM Tris–
HCl, pH 8.0 to reduce the trifluoroethanol concentration to
5%. Trypsin (Roche, sequencing grade) was then added (1:20
trypsin:total protein w:w) followed by incubation at 37°C
overnight (16 to 18 h). Digestion was stopped by addition of
1% formic acid. Prior to mass spectrometry analysis, digested
samples were diluted with LC buffer A (water, 2% acetonitrile
and 0.1% formic acid) containing stable isotope-labelled in-
ternal standards to give a final sample protein concentration of
100 ng/μl and internal standard concentration of 2 fmol/μl.

Thus, internal standard concentration corresponded to 20
pmol/mg of total protein.

Selection of Synthetic Peptides for CYP Quantitation

The heavy labeled peptide standards used for CYP quantita-
tion in an earlier study [24] (AQUA Ultimate grade from
Thermo Fisher Scientific GmbH, Ulm, Germany) were also
used in the current work (Table 1). Two of the three CYP1A2
peptides were not used for quantitation of CYP1A2 since they
are affected by SNPs in the gene encoding this protein [32]
and thus were not present in some of the donors. Also, the
data on the long hydrophobic peptide for CYP2B11
(NLIDTALSLFFAGTETTSTTLR) suggested compromised
stability of the heavy labeled standard during the storage and
consequently the data on this peptide were not used for final
assessment of protein abundance. Although two of the three
peptides used for quantitation of CYP2D15 have been report-
ed to be mutated in the allele variant CYP2D15 V1 [33],
these peptides were present in all liver samples suggesting that
the variant CYP2D15 V1 was not carried by any of the
donors. Consequently, these peptides were retained for quan-
titation of CYP2D15.

Selection of Synthetic Peptides for UGT Quantification

Amino acid sequences and nomenclature of beagle dog UGT
enzymes was adapted from [34–36].

Samples, corresponding to one microgram of total protein,
from four liver and four intestinal microsome batches were
analyzed on an LTQOrbitrap XL (Thermo Fisher Scientific).
Tryptic peptides were separated by reverse-phase chromatog-
raphy with a Proxeon EASY-nLC II liquid chromatography
system (Thermo Fisher Scientific) connected to an RP-HPLC
column (75 μm×10 cm) packed with Magic C18 AQ (3-μm)
resin (WICOM International). Peptides were eluted with
0.1% formic acid and 98% acetonitrile (solvent B) as the
mobile phase, following a linear gradient from 5% to 35%
over the stationary phase (solvent A: 0.1% formic acid and
98% acetonitrile) at a flow rate of 300 nl/min. The data-
acquisition mode was set to obtain one high-resolution mass
spectrometry scan in the Orbitrap (60,000 at 400 m/z) and to
select the ten most abundant ions for collision-induced frag-
mentation, with omission of unassigned or single-charge
states. The dynamic exclusion window was set to 30 s and
was limited to 300 entries. Only mass spectrometry precursors
that exceeded a threshold of 150 ion counts were allowed to
trigger tandem mass spectrometry scans. The ion-
accumulation time was set to 500 ms (mass spectrometry) or
250 ms (tandem mass spectrometry) with a target setting of
106 ions (mass spectrometry) or 104 ions (tandem mass spec-
trometry). The resulting tandem mass spectrometry fragment
ion spectra were acquired in the linear trap quadrupole. The
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acquired MS2 spectra were searched against a dog protein
database (compiled at Roche based on publicly available dog
proteome and genome data) using Sequest as search engine on
the Trans-Proteomic Pipeline. The search parameters were
set to include only fully tryptic peptides (KR/P) containing up
to two missed cleavage sites. Carbamidomethyl (+
57.021465 Da) on cysteine was set as static peptide

modification. Oxidation (+15.99492 Da) of methionine was
set as dynamic peptide modifications. The precursor mass
tolerance was set to 25 p.p.m., and the fragment mass error
tolerance was set to 0.5 Da. The peptide spectrum matches
obtained were evaluated statistically with the PeptideProphet
program for confirming peptide assignments to tandem mass
spectrometry spectra and protein inference was evaluated by
the ProteinProphet program for confirming protein identifi-
cations made on the basis of peptides assigned to tandemmass
spectrometry spectra (both part of the Trans-Proteomic Pipe-
line collection of integrated tools, version 4.5.1). A minimum
protein probability of 0.9 was set to match a false-discovery
rate of <1%. Only peptides at false discovery rate of <1%
were considered for further analysis. The PeptideProphet
output from above was processed with Skyline software [37]
to generate a spectral library. The occurrence of fragment ion
interferences and number of unique transitions per peptide
were computed using the tool “SRM collider” against a dog
background without missed cleavages [38]. For each protein,
two proteotypic peptides were selected when possible. Only
fully tryptic peptides without missed cleavages and a length
between 6 and 21 amino acids were allowed. Furthermore,
highest priority was given to peptides with the highest number
of previous detection by shotgun. Stable isotope-labeled pep-
tides with C-terminal 15 N- and 13C-labeled arginine or lysine
residue (>99 atom % isotopic enrichment, AQUA QuantPro
grade), corresponding to 13 UGT proteins (Table 2), were
purchased from Thermo Fisher Scientific GmbH (Ulm,
Germany).

Development and Validation of SRM Assays for UGT Enzymes

The synthetic peptides were mixed and spiked into the
digested liver and intestinal microsome samples and measured
on the TSQ vantage Triple Quadrupole Mass Spectrometers
(ThermoFisher, San Jose, CA). If available, the six highest
fragment ion peaks belonging to the y-ion series of the 2+ and
3+ precursors were extracted from the spectral library using
Skyline [37]. The transition groups were measured in non-
scheduled and scheduled SRM acquisition mode. A spray
voltage of 1.3 keV was used with a heated ion transfer tube
set at a temperature of 280°C. Chromatographic separations
of peptides were performed on a NanoLC-2Dplus HPLC
system (Eksigent, Dublin, CA) coupled to a 10 cm fused silica
emitter, 75 μm diameter, packed with a Magic C18 AQ 5 μm
resin (Michrom BioResources, Auburn, CA, USA). Peptides
were loaded on the column from a cooled (4°C) Eksigent
autosampler and separated with a linear gradient of
acetonitrile/water, containing 0.1% formic acid, at a flow rate
of 300 nL/min. A gradient from 5 to 35% acetonitrile in
40 min was used. The mass spectrometer was operated with
selected reaction monitoring (SRM). Acquisitions Q1 and Q3
were obtained at 0.7 unit mass resolution. Transitions were

Table 1 The peptides used in SRM assay for beagle dog CYP enzymes

Protein Peptide sequence Used for
protein
quantitation

Comment

CYP1A2 EAEALLSR –a Polymorphic, peptide
not present in all
donors

SVQDITGALLK +a

FLTADGTTINK – Polymorphic, peptide
not present in all
donors

CYP2B11 GIIQPEKPVVLK +

EALVDNAEAFSGR +

QVYNNLQEIK +

NLIDTALSLFFAGTETTST
TLR

– Heavy peptide
standard
compromised
during storage

CYP2C21 FSLTVLR +

DFIDYFLIK +

YGLLVLLK +

CYP2D15 VQQEIDEVIGR + Mutated in allele
variant CYP2D15
V1 (33), peptide
present in all liver
donors

GTTLITNLSSVLK +

DTEVQGFLIPK + Mutated in allele
variant CYP2D15
V1 (33), peptide
present in all liver
donors

CYP2E1 GEVFAFQSHK +

GITFNNGPGWK +

EIPFLLEALR +

CYP3A12 LQEEIDATFPNK − Shared peptide,
CYP3A12/26

DVEISGVFIPK − Shared peptide,
CYP3A12/26

LNAQGIIQPEKPIVLK +

CYP3A26 LQEEIDATFPNK − Shared peptide,
CYP3A12/26

DVEISGVFIPK − Shared peptide,
CYP3A12/26

GIIQPEKPVVLK +

a – and+indicate that the quantitation data on the peptide was not and was
used for estimation of protein quantity, respectively
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recorded for the endogenous (light) and the internal standard
(heavy) peptides. For the scheduled acquisition mode time-
based SRMwas used to achieve a high dwell time (i.e.> 50ms)
for each transition, where an acquisition time window of
3 min was set around their elution time. Full-scans were
monitored during 1 s and between m/z values of 350 and
1 350. Argon was used as the collision gas at a nominal
pressure of 1.5 mTorr. Collision energies for each transition
were calculated according to the “in house” developed equa-
tions: CE=0.034 * (m/z) -0.848 and 3+: CE=0.022 * (m/z)+
5.953 (CE, collision energy and m/z, mass to charge ratio) for
doubly and triply charged precursor ions, respectively. SRM
data were processed using Skyline software. The three most

abundant transitions for each 12C/13C pair were selected
and used to quantify the peptide unless signals of co-eluting
interferences were also detected. In such cases, only transitions
having no distinct contamination in the SRM channel were
used.

SRM Quantitation of CYP and UGT Proteins

Peptide quantitation by selected reaction monitoring
(SRM) was performed using an Ultimate 3 000 n-
liquid chromatography (LC) system (ThermoFisher Sci-
entific) coupled to a TSQ Vantage extended mass range
triple quadrupole mass spectrometer (ThermoFisher Sci-
entific, San Jose, CA, USA). Samples (5 μl, 500 ng total
protein, 10 fmol internal standard) were loaded onto a
trap column (ACE C18 3 μm 300 Å, 5 mm×300 μm)
at 50 μl/min in buffer A (water, 2% acetonitrile and
0.1% formic acid) for 2 min. Following sample loading,
peptides were resolved on an analytical column (ACE
C18 3 μm 300 Å, 10 cm×75 μm, ACT) at 500 nl/min.
The column was heated to 30°C. The following gradi-
ent was used: 0 min, 98% A, 2% B (acetonitrile, 0.1%
formic acid); 2 min, 2% B; 3 min, 8% B; 17 min, 30%
B; 18 min, 80% B; 21 min, 80% B; 22 min, 2% B;
30 min 2% B. The LC eluent was interfaced with the
TSQ Vantage with a picotip emitter (20 μm i.d., 10 μm
tip i.d., New Objective). The TSQ Vantage was oper-
ated in SRM mode and measured 120 transitions in
parallel for the CYP method and 138 transitions for
the UGT method. In both cases scheduled SRM was
used to ensure the maximum number of concurrent
transitions was below 80 for the CYP method and 100
for the UGT method respectively. A scan time of 1.5 s
was used and a collision gas setting of 1.5 mTorr argon
for the CYP method and 1.2 mTorr argon for the
UGT method respectively. The selectivity for both Q1
and Q3 was set to 0.7 m/z unit (FWHM). The SRM
transitions and collision energies are listed in the data
supplement (Table 2-S).

Raw SRM data was processed using Skyline v1.4
[37]. Peak integrations were reviewed manually and
transitions from endogenous peptides were confirmed
by comparing retention times and relative transition
intensities with those of the synthetic heavy stable
isotope-labeled peptides. The amount on the column
for individual transitions was calculated based on heavy
to light peak area ratio and the data were exported to
an Excel file for statistical analysis.

Data Analysis

A linear mixed effects (LME) modeling approach was
employed to summarize the SRM quantitation data using

Table 2 The peptides used for quantitation of beagle dog UGTenzymes in
SRM experiments

Protein Peptide sequence Used for
protein
quantitation

Comment

UGT1A1 GVFENVPLLR +a

EDVEATFTSLGR +

UGT1A2 TATLIFQR +

EVSLEDILSSGSVWLFR − High unexplained
variability, peptide not
used for quantification

UGT1A3 ILLGQSYLVFER +

AAALIFQR +

UGT1A4 EEDFFTLTTYAPPYTR +

TVTSFYQR +

UGT1A6 YEDLASNILK +

UGT1A7 ADFVLDYPK +

UGT1A8 – – Proteotypic peptides not
identified

UGT1A9 DTTLIEYIK +

TFSDSHWNIR +

UGT1A10 NFSDSHWNIR − Predicted peptide,
reliable detection not
achieved

UGT1A11 TFSDSQWNIR +

TYSTTYNLEELNQK +

UGT2A1 IIIDELIK − Predicted peptides,
reliable detection not
achieved

NILLLSLK −

UGT2A2 IILEELIQR − Predicted peptides,
reliable detection not
achieved

LLDTFFR −

INIQICDGVLSNPK −

UGT2B31 ANVIASALAQ +

IPQKIPLVYSLR +

a
– and+indicate that the quantitation data on the peptide was not and was

used for estimation of protein quantity, respectively
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JMP® Pro (version 11.0.0, SAS Institute Inc.) software. To
obtain CYP and UGT protein abundances in individual
samples a LME model (Eq. 1) [24] was fitted to log trans-
formed SRM quantitation data.

M ¼ Sample þ Peptide Rð Þ þ Transition Peptide½ � Rð Þ ð1:Þ

Where M is the log transformed SRM quantitation
result for an individual transition, the estimates for the
fixed effect Sample are taken as the protein abundance
in the sample. Peptide effect and Transition effect
nested within Peptide are considered as random effects
denoted by (R) in the equation.

To estimate biological variability in the CYP and
UGT abundance measurements in liver samples and to
establish estimates of inter-individual variability, a LME
model including a fixed effect for the sample type
(homogenate or microsome) and a random effect for
the donorID was fitted to log transformed to log trans-
formed SRM quantitation data.

M ¼ SampleType þ Donor Rð Þ þ Peptide Rð Þ
þ Transition Peptide½ � Rð Þ ð2:Þ

The estimates for the fixed effect SampleType were
taken as the typical enzyme abundance in DLM and
DLH. As LME modeling was done and the resulting
variance estimates are on log transformed data, coeffi-
cient of variation (CV) describing biological variability
was calculated according to Eq. 3 from the variance (σ2)
component of log transformed data attributed to Donor
effect. Residual variability, i.e. that part of variance not
explained by the effects of transition, peptide, sample
type (homogenate or microsome) or biological variability
was taken as the technical variability. Biological vari-
ability in hepatic enzyme abundance was estimated sep-
arately within the Roche Nutley dog colony (N=14) and
within the whole set of donors (N=18).

CV ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

expσ
2−1

q

ð3:Þ

Abundance of CYP and UGT proteins and three
enzyme activity markers, EROD (only in liver samples),
midazolam 1’-hydroxylation (only in intestinal samples)
and HCF glucuronidation (both liver and intestine) were
measured both in homogenates and corresponding mi-
crosomes. This allowed calculation of microsomal en-
richment of these individual markers, which enables
accounting for inability of the cell fractionation protocol

to completely recover microsomal protein, according to
Eq. 4

Fold enriched ¼ markermic
�

markerhom ð4:Þ

markermic and markerhom refer to CYP or UGT abun-
dance or activity per milligram of protein in microsomes and
homogenates, respectively. In addition to individual markers
the fold enrichment was also calculated using the sum of CYP
proteins and sum of UGT proteins as microsomal markers.

The fold enrichment, together with the yields of homoge-
nate protein (HPyield) and microsomal protein (MPyield)
allowed calculation of fraction of microsomal protein recov-
ered (Eq. 5) and, consequently, accounting for losses during
cell fractionation when estimating of the total amount of
microsomal protein (MP) in intact tissue (Eq. 6).

Fraction recovered ¼ MPyield

HPyield

� Fold enriched ð5:Þ

MP ¼ HPyield
�

Fold enriched ð6:Þ

The fold enrichment and fraction recovered for eachmark-
er were calculated separately for each batch of microsomes
and the results were summarized by fitting a LME model
(Eq. 7) to log transformed results.

F ¼ Marker þ Batch Rð Þ ð7:Þ

F is the fold enriched (or fraction recovered) calculated for
an individual marker in an individual tissue processing batch
and the fixed effect Marker is taken as an estimate of typical
fold enrichment (or fraction recovered) for the given marker.

Estimates of the amount of microsomal protein (MP) in
intact tissue were calculated using the fold enrichment of the
sum of CYPs and the sum of UGTs.

Statistical significance of differences in the levels of the fixed
effects was tested by computing Tukey’s HSD test.

RESULTS

Abundance and Activity of CYP and UGT Enzymes
in Dog Gut Wall and Liver

Abundances of CYP and UGT proteins in intestinal and liver
homogenates and microsomes are summarized in Fig. 1 and
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Table 3. Both CYPs and UGTs are microsomal proteins and
were enriched approximately 1.5 to 3.5 fold in microsomal
fractions compared to corresponding homogenate samples
(Tables 5 and 6). Measurement of microsomal enrichment
enabled evaluation of losses during cell fractionation and
estimation of the total amount of microsomal protein in intact
tissues (below).

7 CYPs and 7 UGTs were quantifiable in the liver.
CYP3A12 was the most abundant CYP at approximately
30% of the total CYP amount, whereas UGT2B31 was the
most abundant UGT constituting approximately 70% of total
UGT enzyme amount (data supplement, Figure 1-S). In the
liver samples the total amount of CYP enzyme quantitated
was similar to the total amount of UGT enzyme. In contrast,

the total amount of UGTs in intestinal samples was up to 4
times higher than the total amount of CYPs with a trend
towards a larger difference in distal intestine (data supple-
ment, Figure 2-S).

2 CYPs and 8 UGTs were quantifiable in the intestinal
samples (Fig. 1). As reported earlier [9], CYP3A12 and
CYP2B11 were present in both intestine and liver and showed
a declining trend from proximal to distal intestine. They were
both at higher concentration (as pmol/mg of microsome or
homogenate protein) in the liver than in the intestine.
CYP3A12 and CYP2B11 constituted approximately 90%
and 10%, respectively, of total CYP quantitated in the prox-
imal and distal intestine whereas in the segments 2, 3 and 4 of
smal l intes t ine corresponding percentages were

Fig. 1 CYP and UGT enzyme abundance in the beagle dog enterocyte homogenates (grey) and microsomes (black). Abundance in the liver is shown for
comparison. The boxes represent the interquartile range, the horizontal line is the median and the whiskers show the lowest and highest values. Data are from 5
donors, except microsomes of segment 4 are from 9 donors. Solid lines are drawn through the medians to visualize the profile along the intestine. Segment
numbering starts from the proximal intestine and numbers 1–5 and 6 refer to small intestine and colon, respectively. UGT1A6 was not quantifiable in the small
intestine samples and UGTs 1A9 and 1A11 were not quantifiable in the liver
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approximately 70% and 30% for CYP3A12 and CYP2B11,
respectively (data supplement, Figure 3-S).

UGTs 1A1, 1A3, 1A4 and 1A6 were more highly abundant
in the liver than in the intestine (as pmol enzyme per mg of
microsome or homogenate protein) and 1A7 and 2B31 were
present in the liver but not detected in the intestine (Fig. 1,
Table 3). UGT1A11, the most abundant enzyme in the intes-
tinal samples, and UGT1A9 were not detectable in the liver. In
addition, UGT1A2, also highly abundant in the intestine, was
present only at low amounts in the liver samples. Furthermore,
in contrast to the decreasing trend of CYP abundance towards
the colon, the abundances of many UGT enzymes were at
similar (UGTs 1A1 and 1A3) or higher (UGTs 1A4, 1A6 and
1A9) levels (as pmol/mg of microsome or homogenate
protein) in the colon than in the small intestine. The
relative contribution of individual UGT enzymes to the
total amount of UGTs measured in intestinal samples
remained fairly constant throughout the small intestine
with UGT1A11 and UGT1A2 constituting approxi-
mately 60% and 25%, respectively. In the colon
UGT1A11, UGT1A2, UGT1A4 and UGT1A6 consti-
tuted approximately 35%, 20%, 20% and 10% of total
UGTs respectively (data supplement, Figure 4-S).

Proteotypic peptides predicted for UGTs 1A10, 2A1 and
2A2 were not quantifiable in either of the tissues and this study

could not provide information on the abundance of UGT1A8
as proteotypic peptides were not identified (Table 2).

Preparation of liver tissue samples in triplicate allowed for
separation of biological and technical variability in CYP and
UGT abundance. The CV estimates for biological variability
of CYP and UGT enzymes ranged from 33 to 60% and from
29 to 74%, respectively, when data from all donors (n=18)
were used for analysis (Table 3) and were systematically small-
er when only the data from donors from the Roche Nutley
dog colony (n=14) were used (Table 4). As only the samples
from the Roche Nutley dog colony included technical repli-
cates of tissue processing, the analysis assumed that technical
variability is similar for samples from both sources and varied
from 20 to 40% depending on the enzyme.

HFC glucuronidation clearance (pmol/min/mg protein) was
approximately 6 fold higher in the liver samples than in the
intestinal samples and a clear correlation with any individual
UGTenzyme abundancewas not found (data not shown). There
were substantial differences in midazolam 1’-hydroxylation rate
between intestinal segments with some of the segments being
below the limit of quantitation of the assay (0.1 pmol/mg/min).
The segments with low CYP2B11 and CYP3A12 abundance
showed low midazolam 1’-hydroxylation rate whereas high
CYP2B11 and CYP3A12 abundance was not always reflected
as a high rate. However, the segments with a low midazolam 1’-

Table 3 Estimates of Typical CYP and UGTAbundance, Biological Variability
and Technical Variability in Beagle Dog Liver Homogenates (DLH) and
Microsomes (DLM) when Using Data from Both Roche Nutley (n=14)
and Covance (n=4) Dog colonies

Typical abundance
(pmol/mg prot)

Enzyme DLH DLM Biological CV%a Technical
variability CV% a

CYP1A2 13 37 60 (31–82) 21 (20–22)

CYP2B11 12 35 34 (19–44) 23 (22–23)

CYP2C21 21 70 23 (13–31) 22 (21–23)

CYP2D15 19 56 39 (22–52) 22 (22–23)

CYP2E1 13 36 41 (23–55) 25 (24–25)

CYP3A12 32 93 33 (18–44) 21 (20–23)

CYP3A26 1.1 2.7 34 (18–46) 38 (36–41)

UGT1A1 2.5 6.0 50 (28–68) 20 (20–21)

UGT1A2 0.87 2.0 46 (25–62) 23 (22–24)

UGT1A3 14 35 29 (16–39) 26 (25–27)

UGT1A4 7.6 17 32 (17–42) 29 (28–30)

UGT1A6 12 36 54 (29–74) 27 (26–29)

UGT1A7 2.3 5.8 74 (39–105) 25 (24–27)

UGT2B31 108 274 40 (22–53) 19 (19–20)

a Biological and technical CV% were calculated from the variance compo-
nents attributed to biological differences and residual variability, respectively,
using Eq. 3. The values in parenthesis show the 95% confidence interval for
the estimated CV% Table 4 Estimates of Typical CYP and UGTAbundance, Biological Variability

and Technical Variability in Beagle Dog Liver Homogenates (DLH) and
Microsomes (DLM) When Using Data Only from the Roche Nutley Dog
Colony (n=14)

Typical abundance
(pmol/mg prot)

Enzyme DLH DLM Biological CV%a Technical
variability CV%a

CYP1A2 11 32 37 (17–51) 21 (20–22)

CYP2B11 11 30 16 (8–22) 23 (22–24)

CYP2C21 21 70 18 (9–24) 22 (21–23)

CYP2D15 19 54 29 (14–40) 21 (21–22)

CYP2E1 11 31 30 (14–40) 25 (24–26)

CYP3A12 31 91 21 (10–28) 22 (21–23)

CYP3A26 1.2 2.9 26 (12–36) 39 (37–41)

UGT1A1 2.1 4.8 28 (13–38) 21 (20–22)

UGT1A2 0.7 1.6 20 (9–26) 23 (22–25)

UGT1A3 13 32 15 (7–20) 26 (25–27)

UGT1A4 6.8 15 21 (10–29) 29 (28–30)

UGT1A6 12 36 14 (6–19) 28 (27–30)

UGT1A7 2.2 5.4 49 (22–68) 25 (24–27)

UGT2B31 90 228 15 (7–20) 20 (19–21)

a Biological and technical CV% were calculated from the variance compo-
nents attributed to biological differences and residual variability, respectively,
using Eq. 3. The values in parenthesis show the 95% confidence interval for
the estimated CV%
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hydroxylation rate showed this consistently in both homogenate
and corresponding microsome samples (Fig. 2).

One donor (out of 18) did not carry any CYP1A2 peptides.
This is consistent with SNP 1,117 C>T which is homozygously
carried by ~10% of beagle dogs [39] and results in a stop codon
with consequent deletion of the protein. This donor was not
accounted for when estimating the typical value and inter-
individual variability for CYP1A2 abundance in the beagle dog
liver. Two other SNPs in the dog CYP1A2 gene which result in
changes in the peptides measured in this study have been report-
ed in the literature [32] (Table 1). SNP 500 C>T, resulting in
replacement of alanine with valine in position 167, was probably
carried by 1 donor as the wild type peptide EAEALLSRwas not
present in this donor while the peptide not affected by known
polymorphisms, SVQDITGALLK,was present. SNP1,303A>
G, resulting in replacement of alanine with threonine in position
435, was detected in 3 donors (the mutated form peptide,
FLATDGTTINK was present). However, there was no evi-
dence of altered CYP1A2 abundance or activity in these donors
(Fig. 3).

Microsomal Enrichment of CYP and UGT Enzymes
and Estimated Amount of Total Microsomal Protein
in Tissue

Microsomal enrichment for liver samples was calculated based
on the abundances of 14 proteins and on 2 activity markers.

For the intestine, 9 proteins and 2 activity markers were used
(Table 5 and Table 6). Microsomal enrichment in intestine
was approximately 10–15% and tended to be lower than in
liver (35–50%). There was no observable difference in enrich-
ment between intestinal segments (data not shown). In gener-
al, enrichment of the enzyme activity markers did not stand
out as different from the recovery of the protein abundance
markers. However, there were small but statistically significant
differences between microsomal enrichment of individual
markers in the liver (Table 5). Correspondingly, the trends
inmicrosomal enrichment of different markers are reflected as
similar trends in the microsomal recovery of the markers.

Estimates of the amount of total microsomal protein in the
dog liver and intestine calculated based on the recovery of sum
of CYPs and sum of UGTs are presented in Table 7 and
Figure 5–S (data supplement). Meaningful estimates of the
biological variability in the total microsomal protein abun-
dance were not obtained in either of the tissues because the
95% confidence interval of the variance attributed to between
donor differences included 0.

DISCUSSION

Beagle dog is used as an animal model to study oral pharma-
cokinetics, food effects and formulation behavior during

A B

Fig. 2 CYPand UGTenzyme abundance and activity in beagle dog intestine. Segment numbering starts from the proximal intestine and numbers 1–5 and 6 refer
to small intestine and colon, respectively. (a) CYP2B11 (gray), CYP3A12 (black) and Sum-of-UGTs (red) abundance in beagle dog intestinal microsomes (solid line)
and homogenates (dashed line). (b) Midazolam 1’-hydroxylation rate (gray) and 7-hydroxy-4-trifluoromethylcoumarin glucuronidation clearance (red). The low
limit of quantitation of midazolam 1’-hydroxylation was 0.1 pmol/mg/min
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development of drugs intended for human use. However,
there are many gaps in our understanding of factors deter-
mining PK and its’ variability in the dog and research on the
abundance and activity of metabolic enzymes has recently
been advocated by the FDA from both human drug develop-
ment and veterinary medicine perspectives [26]. This paper
has described quantification of the abundances of 7 CYP
enzymes and 9 UGT enzymes in enterocyte and liver homog-
enates and microsomes from beagle dogs using SRM mass
spectrometry. Additionally, inability to detect the predicted
proteotypic peptides for 3 additional UGT enzymes
(UGT1A10, UGT2A1 and UGT2A2) suggests absence or
negligible abundance of these proteins in these tissues. In
addition, this work has provided estimates of biological vari-
ability in hepatic enzyme abundance providing a basis for
bottom up prediction of variability using PBPK modeling.

CYP and UGTabundance and activity in dog liver
and intestine

The results of this study on CYP abundance are in agreement
with the results of the smaller study we reported earlier [24].
Furthermore, the results of these studies using SRM quanti-
tation of beagle CYP proteins are in general accordance with
immunologically based quantitation results reported in the
literature [26, 40–43].

Current and previous SRM [24] studies on dog CYP
protein abundance suggest that CYP3A12 is the most abun-
dant CYP enzyme in both liver and intestine whereas the
contribution of CYP3A26 is minimal in both tissues. This is
partially in accordance with literature reports on CYP3A12

and CYP3A26 mRNA expression. Total CYP3A gene ex-
pression was reported to be greater in the liver than in the
intestine and intestinal CYP3A12 expression was greater than
that of CYP3A26 [44]. However, CYP3A26 was reported to
comprise the majority of the hepatic CYP3AmRNA pool [44,
45]. Due to the high similarity of CYP3A12 and CYP3A26,
only one proteotypic peptide was measurable for each of these
enzymes in the current study. Thus, it is possible that the low
apparent CYP3A26 abundance in the liver is due to bias in
quantitation of the single CYP3A26 proteotypic peptide. Ar-
guing against this possibility is that preliminary experiments
with recombinant enzymes (data not shown) suggested similar
performance for the proteotypic peptides used for CYP3A12
and CYP3A26. Furthermore, the quantitation results on the
two peptides that are shared for these two proteins (Table 1)
are similar to results of the proteotypic peptide for CYP3A12
(supplementary Excel data sheet), further supporting the con-
clusion that the reported high CYP3A26 gene expression in
the dog liver is not reflected in high protein abundance.

Midazolam 1’-hydroxylation was measured in dog intesti-
nal homogenates and microsomes. This reaction is primarily
mediated by CYP2B11, with only a minor contribution from
CYP3A12 [30] and the lack of correlation between CYP2B11
abundance and midazolam 1’-hydroxylation activity (Fig. 2)
suggests that activity was lost during tissue processing. Fur-
thermore, the consistency of activity measurements in homog-
enate and corresponding microsome samples suggests that the
loss occurred prior to preparation of enterocyte homogenates
rather than during cell fractionation or sample storage. The
reason(s) for loss of function in some, but not all, of the
intestinal segments can only be speculated as current data do
not allow us to trace this back to differences in handling. It is
interesting to observe that similar loss of metabolic activity is
not reflected in the HFC glucuronidation, suggesting that
CYP2B11 may be more vulnerable to loss of activity than
the UGT enzymes. Similarly, our previous study on dog CYPs
[9] suggested that specific activity of CYP2B11 and CYP3A12
(measured as diazepam demethylation and 3-hydroxylation,
respectively) is substantially smaller in intestinal than in liver
microsomes and that this difference is more prominent for
CYP2B11 than for CYP3A12. This also supports the hypoth-
esis that intestinal CYP enzymes may lose their activity during
tissue processing and that CYP2B11 may be more vulnerable
than CYP3A12. A more in depth exploration of this is war-
ranted but is beyond the scope of the current paper.

Northern Blot data reported in the literature [46] suggest
that CYP1A2, but not CYP1A1, is constitutively expressed in
the beagle dog liver and that neither CYP1A1 nor CYP1A2
are constitutively expressed in the beagle dog intestine. Thus,
CYP1A1 was not expected to be present in the samples
studied in the current study. Although this study does not
provide direct information on abundance of CYP1A1 or
CYP2A13, the observed correlation of EROD activity,

Fig. 3 7-ethoxyresorufin de-ethylation (EROD) rate versus CYP1A2 con-
centration in dog liver microsomes (black) and homogenates (grey). 4 μM 7-
ethoxyresorufin was incubated in presence of 0.2mg/mL liver homogenate or
microsome protein. Each symbol represents the mean of two EROD mea-
surements and the linear regression line was fitted through the origin using all
the shown data points. The results show a clear correlation between EROD
activity and CYP1A2 abundance and suggest no difference in this correlation
between donors who carry mutation 1,303 G>A (donors carrying peptide
428_FLATDGTTINK, open symbols. Twelve samples in total, three batches
of liver homogenates and microsomes from two donors) and donors who do
not carry this mutation (closed symbols)
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mediated by canine CYP1A1, CYP1A2 and CYP2A13
[27–29], and CYP1A2 abundance in the liver homogenates
and microsomes (Fig. 3) is in accordance with the expectation
of CYP1A1 absence and also suggests that EROD activity is
either not significantly mediated by CYP2A13 in the dog liver
or that CYP2A13 activity co-varies with CYP1A2.

In contrast to CYP enzymes, there are no reports of quan-
titation of individual UGT proteins in the dog available in the
literature. Furthermore, gene expression data on dog UGTs is
very limited. UGT1A6 and UGT2B31 genes are known to be
expressed in the beagle dog liver [35, 36] and the current
results confirm that these enzymes are present also as protein.
Furthermore, in agreement with current results, UGT1A6
gene expression has been reported to be higher in the liver
than in the intestine and approximately 6 fold higher in the
colon than in the jejunum whereas the differences between
liver and intestinal segments were less prominent for all
UGT1As together [47]. Also Haller and co-workers [45]
reported that UGT1A6 gene is expressed in both liver and
intestine but, in contrast to our protein results, differences
between colon and small intestine were not observed.

In further contrast to CYP enzymes, where no enzyme is
specific to the intestine, this study identified three UGT1A
enzymes (UGTs 1A2, 1A9 and 1A11) showing intestinal ex-
pression but low or no abundance in the liver. Correspond-
ingly in human, UGTs 1A7, 1A8 and 1A10 are reported to be

present in the intestine but not in the liver (3). This leads to the
conclusion that tissue specificity of individual UGT1As in
human and dog do not match and therefore the nomenclature
used by Li and Wu [34] with the same numbering in animal
and human may be misleading since it could be mistakenly
interpreted that the enzymes with the same name in dog and
human are orthologous pairs. However, although possibly
misleading and potentially subject to update in the future, this
nomenclature was adopted in the current work for consistency
with the currently published literature. A further conclusion,
for both dog and human [48], is that in vitro metabolism in
liver microsomes cannot be used as a predictor for UGT
mediated metabolism in the gut wall. This is in contrast to
the situation with CYP3A where both liver and gut wall
metabolism in human may be predicted from in vitromeasure-
ments in liver microsomes [49–51]. This approach may be
applicable to CYP3A12 mediated metabolism in beagle dog
also.

Biological variability of CYP and UGTenzyme
abundance

It has been shown that technical variability in sample process-
ing contributes substantially to apparent variability in
CYP3A4 abundance measured in vitro in human hepatic mi-
crosomes (6). Furthermore, prediction of variability in in vivo

Table 5 Microsomal Enrichment and Recovery of CYP and UGT Proteins and Activities in Dog Liver Microsomes (DLM)

Microsomal marker Fold enrichment in DLM (95% confidence interval) Microsomal recovery % (95% confidence interval)

CYP2C21 Aa 3.26 (3.01–3.52) 52 (48–56)

UGT1A6 A B 3.10 (2.87 - 3.35) 50 (46–54)

ERODb A B 3.10 (2.87 - 3.34) 50 (46–54)

Sum_of_CYPs A B C 2.97 (2.75–3.21) 48 (44–51)

CYP3A12 A B C 2.94 (2.72 - 3.18) 47 (44–51)

CYP2D15 A B C 2.90 (2.68 - 3.13) 46 (43–50)

CYP2E1 A B C 2.88 (2.67–3.11) 46 (43–50)

CYP2B11 A B C 2.86 (2.65–3.09) 46 (42–49)

CYP1A2 A B C D 2.78 (2.58–3.01) 45 (41–48)

Sum_of_UGTs B C D E 2.67 (2.47–2.88) 43 (40–46)

UGT2B31 B C D E 2.65 (2.46–2.86) 43 (40–46)

UGT1A7 B C D E 2.62 (2.42–2.82) 42 (39–45)

UGT1A3 B C D E 2.61 (2.42–2.82) 42 (39–45)

UGT1A1 C D E 2.47 (2.29–2.67) 40 (37–43)

CYP3A26 C D E 2.45 (2.27–2.65) 39 (36–42)

UGT1A2 D E 2.35 (2.18–2.53) 38 (35–41)

UGT1A4 D E 2.30 (2.14–2.49) 37 (34–40)

HFCc E 2.23 (2.06–2.40) 36 (33–38)

a The fold enrichment of microsomal markers that are not connected with the same letter are significantly different from each other, α=0.05
b EROD=7-ethoxyresorufin de-ethylation activity
c HFC=7-hydroxy-4-trifluoromethylcoumarin glucuronidation
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drug clearance was improved when only biological variability
(CV=41%) was included. Therefore, in addition to quantita-
tion of CYP and UGT abundances, this study aimed to
characterize variability by performing the whole liver tissue
processing procedure in triplicate and then analyzing the data
to separate technical and biological variability. One caveat
here is that the tissue samples represent only a single time
point for each donor and so the biological variability estimat-
ed is a combination of both intra-individual (e.g. due to circa-
dian fluctuation [52]) and inter-individual variability. To sep-
arate these two sources of biological variability the sample
collection would need to be repeated from the same donors
over time, which was not possible due to the destructive nature
of tissue harvesting in the current study.

Biological variability in hepatic enzyme abundance was
estimated within two dog populations. One population com-
prised only the 14 donors from the Roche Nutley dog colony
and the other included also the 4 additional donors from
Covance collected for an earlier study on CYP abundance
[24]. The latter population analysis included the assumption
that technical variability is similar in both sources of samples.
The estimates of biological variability varied between the
enzymes and were systematically larger when including do-
nors from both sources. This is not entirely unexpected given
the age difference (31–35 months for Roche dogs vs 6–
13 months for Covance dogs), environmental differences (in-
cluding investigational drug history of Roche dogs) and po-
tential genetic differences between the donor populations.
However, current data do not allow a meaningful analysis of
covariates related to enzyme abundance. Despite the small
sample sizes and consequent uncertainty on population vari-
ability, it can be speculated that the small biological variability

estimates (Table 3, CVs ranging from 14 to 49%) obtained
using only the data from Roche dogs may better represent the
variability within individual dog colonies maintained for re-
search purposes. Thus, these estimates may be suitable for
bottom up prediction of variability in populations typically
used for PK experiments in drug development. On the other
hand, the estimates obtained using the data from all donors
(Table 4, CVs ranging from 29 to 74%) may provide a better
estimate of variability in the broader beagle population and
may thus be more relevant for predicting PK variability for
veterinary purposes. However, further work on bottom-up
prediction of drug metabolism in the dog is warranted to
support this speculation.

For liver samples, the processing included technical repli-
cates but this was not the case for the intestine where sample
preparation was conducted as a single process per segment.

Table 7 Estimates of amount of microsomal protein in beagle dog liver and
intestine

Tissue Geometric Mean (95% Confidence Interval)

mg/g tissue mg/cm tissue

Liver 61a (56–66) NA

Small intestine 6.8a (4.2–11.0) 5.9a (4.1–8.5)

Colon 0.7b (0.2–2.9) 1.4b (0.5–4.2)

a Overall variability in estimates, shown as 95% confidence interval, repre-
sents primarily the technical variability as the 95% confidence intervals for
estimates of biological variance included 0. Thus, meaningful estimates of
biological variability were not obtained
b No technical replicates from colon samples. Thus, it is not possible to
separate the technical and biological variability

Table 6 Microsomal Enrichment of CYP and UGT Proteins and Activities in Dog Intestinal Microsomes (DIM)

Microsomal marker Fold enrichment in DIM (95% confidence interval) Microsomal recovery %(95% confidence interval)

UGT1A11 2.24 (1.73–2.91) 16 (12–21)

Sum_of_CYPs 2.21 (1.70–2.86) 16 (12–20)

CYP3A12 2.17 (1.68–2.82) 15 (8–31)

CYP2B11 2.14 (1.65–2.77) 15 (12–20)

Sum_of_UGTs 2.11 (1.63–2.73) 15 (11–20)

UGT1A1 2.10 (1.62–2.72) 15 (11–20)

UGT1A2 2.09 (1.61–2.71) 15 (11–19)

UGT1A4 1.87 (1.44–2.42) 15 (11–19)

HFCa 1.72 (1.33–2.23) 13 (10–17)

UGT1A6 1.66 (0.88–3.13) 12 (9–16)

UGT1A3 1.54 (1.19–2.00) 11 (8–14)

UGT1A9 1.52 (1.17–1.97) 11 (8–14)

Midab 1.26 (0.93–1.72) 9 (6–13)

a HFC=7-hydroxy-4-trifluoromethylcoumarin glucuronidation
b Mida=Midazolam 1’-hydroxylation, activity was below the limit of quantitation in part of the samples

The values for different microsomal markers are not significantly different from each other, α=0.05
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Thus, estimation of contributions of biological and technical
variability in observed intestinal enzyme abundance would
have to assume interrelationship of enzyme abundance and
contributions of different sources of variability between the
intestinal segments. Such analysis was considered to be outside
of the scope of current report. However, to enable such follow-
up analysis the detailed quantitation results are provided in
the supplementary Excel data sheet.

Microsomal Enrichment of CYP and UGT Proteins
and Activity

Microsomal enrichment was calculated based on 16 enzyme
abundance and 2metabolic activity markers in liver and on 11
enzyme abundance and 2 activity markers in intestine. There
were statistically significant differences betweenmarkers in the
liver (geometric mean fold enriched of different markers rang-
ing from 2.2 to 3.3, Table 5) whereas the differences did not
reach statistical significance in the intestine. Furthermore,
microsomal enrichment, and especially the estimated fraction
of microsomal protein recovered, tended to be lower in the
intestinal than in the liver microsomes. These differences are
probably due to the presence of mucus in intestinal lumen
which causes aggregation of protein and prevents separation
of microsomal protein (Hatley OJD, Jones C, Galetin A &

Rostami-Hodjegan A. [Manuscript in preparation]) and there may
also be a contribution due to differences in the microsome
preparation protocols used for liver and intestinal samples.
While differences in microsomal enrichment of different en-
zymes suggest that vulnerability to loss during cell fraction-
ation may vary from enzyme to enzyme, the fact that the rank
order of the enrichment of different markers was different in
the intestine and liver might further suggest that differences
are also dependent on tissue or cell fractionation protocol.
Therefore, similarly to results reported for microsomal recov-
ery of CYP enzymes in human liver microsomes [25], it
cannot be concluded from this study that enzyme specific
estimates of the amount of microsomal protein in liver tissue
should be used for extrapolating drug metabolism from mi-
crosomes to intact tissue. Therefore, overall estimates of mi-
crosomal protein per unit tissue were calculated based on the
enrichment of the sum of CYPs and the sum of UGTs (Ta-
ble 7). These estimates for the liver [Geometric mean (95%
confidence interval), 61 (56–66) mg/g] are slightly higher than
the numbers reported in recent literature (43–59 mg/g) [24,
53, 54] and for the small intestine [Geometric mean (95%
confidence interval), 6.8 (4.2–11.0) mg/g] are slightly lower
than prior results (13 mg/g) [24]. However, given the techni-
cal variability in the estimates, these results can be considered
to be generally in agreement with prior publications. In con-
trast, the current estimate for microsomal protein abundance
in the colon [Geometric mean (95% confidence interval), 0.7
(0.2–2.9) mg/g] is substantially lower than the estimate

reported earlier (6 mg/g) [24]. Furthermore, it appears that
the variability in the results from both liver and intestine was
primarily due to technical variability making it impossible to
establish meaningful estimates of biological variability in the
amount of total microsomal protein in these tissues.

Assumptions involved with absolute quantitation
of CYP and UGT proteins

Compared to immunologically based methods for protein
quantitation, such asWestern Blotting and ELISA, SRMmass
spectrometry provides superior selectivity and also the possi-
bility to quantitate several proteins in a single assay. Often,
highly homologous proteins, such as members of the UGT1A
family, can be separately quantified, which would be chal-
lenging or impossible with immunologically based methods.
Thus, SRM mass spectrometry is a powerful technology to
quantify tissue abundance of proteins relevant for drug phar-
macokinetics and several reports of absolute quantitation of
ADME relevant proteins via SRM have recently emerged [2,
3, 55–58]. However it must be recognized that the assump-
tions made and consequent sources of error, vary depending
on the exact methodology employed [59, 60]. The main
assumption of the peptide based absolute quantitation ap-
proach used in the current study, where heavy peptide stan-
dards are spiked into samples after trypsin digestion, is that the
protein digestion yields equimolar amounts of peptides. This
assumes complete digestion of proteins to proteotypic tryptic
peptides without degradation or any other loss during the
process. However, it has been shown that both protein diges-
tion and peptide degradation rates are protein and peptide
dependent [57, 59]. Consequently it is not surprising that
different peptides for the same protein often report different
absolute abundances, an issue which has been dealt with in
different ways by different investigators. Some have quanti-
tated only one peptide per protein [61, 62] or have chosen just
the highest reporting peptide for estimation of protein con-
centration even when several peptides have actually been
quantified [57, 63]. Others, including our previous study on
dog CYPs [24], have taken consensus estimates from multiple
peptides [64, 65]. If inefficiency of protein digestion and
degradation of native peptides during digestion were the only
possible sources of error, it could be argued that the highest
abundant proteotypic peptide for a protein is likely to result in
the least underestimated absolute protein quantitation even
though this would still not confirm an equimolar yield of
peptide after digestion. However, additional sources of error
in peptide quantitation are possible including variation in the
actual concentration of spiked in heavy peptides due to inac-
curacies in initial quantitation and unknown losses between
initial characterization and actual use. Therefore, we decided
to report consensus estimates derived using linear mixed ef-
fects modeling of data frommultiple proteotypic peptides. For
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completeness and transparency, we have also reported results
based on individual peptides in the supplementary data files.
Overall, the highest and lowest abundant peptides of each
protein were within 3 fold of each other although CYP2E1 was
a notable exception with one of the peptides reporting approx-
imately 6 fold higher concentrations than the other two. The
uncertainty in absolute protein abundances due to differences in
concentration reported by different proteotypic peptides applies
only to the absolute values reported for any given protein.
Sample to sample comparisons for the same protein, and thus
estimates of biological variability, are not affected by the same
uncertainty. It should also be noted that the similarity of the CYP
abundance results for the 4 liver and 4 intestinal samples mea-
sured in the current and the previous [24] studies support the
reproducibility of the results (data supplement, Figure 7-S and
Table 1-S). Furthermore, the effective utilization of quantitative
protein expression data for IVIVE of enzyme activity does not
necessarily require accurate absolute enzyme abundance quan-
titation but, rather, relies on precise relative enzyme abundance
in the tissues versus the in vitro assay (s). Moreover, it should be
acknowledged that successful IVIVE of drug metabolism often
requires additional empirical scaling factors to correct for differ-
ences in specific enzyme activity in different experimental plat-
forms [66, 67]. Consequently, the absolute abundances reported,
even if biased, alongside sufficiently detailed description of the
methodology applied, should enable bridging of the data gener-
ated in different studies and, thus, provide a reasonable starting
point for establishment of useful IVIVE scaling factors.

A degree of caution is also needed concerning the identity
of the proteins reported since current databases of beagle dog
genome and proteome are not complete, leaving the possibil-
ity that the selected peptides are not proteotypic. This is
especially the case with UGT2B31 as although it is the only
known member of the UGT2B family in the dog, information
for other species shows the presence of several hepatic
UGT2B isoforms [56, 57, 68, 69] and it may be that this is
also the case in dog. Thus, although it cannot be ruled out that
the abundance assigned to UGT2B31 in the current study
actually represents more than one UGT2B isoform, our use of
more than one proteotypic peptide per protein whenever
possible and the correlation in signals throughout the samples
support that the peptides do truly originate from the same
protein (or proteins).

CONCLUSION

In conclusion, this work provides insights on the abundances
of drug metabolizing enzymes in the beagle dog liver and
intestine. In addition to differences in expression levels be-
tween liver and intestine, the study has also highlighted differ-
ential tissue specificity for UGT1As in dog and human.

Generated proteomic data will serve as a basis for in vitro

in vivo extrapolation of CYP and UGT mediated metabolism
in these tissues also allowing bottom up prediction of variabil-
ity in a beagle dog population. Further research is required to
demonstrate the utility of physiologically based pharmacoki-
netics models of beagle dog including these data.
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