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ABSTRACT
The use of animal pharmacokinetic models as surrogates for humans relies on the assumption
that the drug disposition mechanisms are similar between preclinical species and humans.
However, significant cross-species differences exist in the tissue distribution and protein
abundance of drug metabolizing enzymes (DMEs) and transporters. We quantified noncytochrome P450 (non-CYP) DMEs across commonly used preclinical species (cynomolgus
and rhesus monkeys, beagle dog, Sprague Dawley and Wistar Han rats, and CD1 mouse) and

abundant in humans and monkeys while poorly expressed in rodents, and not expressed in
dogs. Carboxylesterase 1 (CES1) abundance was highest in the liver while CES2 was primarily
expressed in the intestine in all species with notable species differences. For example, hepatic
CES1 was 3-fold higher in humans than in monkeys, but hepatic CES2 was 3-5-fold higher in
monkeys than in humans. Hepatic glucuronosyltransferase 1A2 (UGT1A2) abundance was ~4
fold higher in dog compared to rat, whereas UGT1A3 abundance was 3-5-fold higher in the dog
liver than its orthologue in the human and monkey liver. UGT1A6 abundance was 5-6-fold
higher in human liver compared to monkey and dog liver. Hepatic sulfotransferase 1B1
(SULT1B1) abundance was 5-7-fold higher in rats compared to the rest of the species. These
quantitative non-CYP proteomics data can be used to explain unique toxicological profiles
across species and can be integrated into physiologically-based pharmacokinetic (PBPK)
models for the mechanistic explanation of pharmacokinetics and tissue distribution of
xenobiotics in animal species.
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SIGNIFICANCE STATEMENT
We characterized the quantitative differences in non-cytochrome P450 (non-CYP) drug
metabolizing enzymes across commonly used preclinical species (cynomolgus and rhesus
monkeys, beagle dog, Sprague Dawley and Wistar Han rats, and CD1 mouse) and compared
these data with previously obtained human data. Unique differences in non-CYP enzymes
across species were observed, which can be used to explain significant pharmacokinetic and
toxicokinetic differences between experimental animals and humans.
Downloaded from dmd.aspetjournals.org at ASPET Journals on January 9, 2023
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1. INTRODUCTION
Preclinical models are an integral part of the drug discovery and development process. Despite
advanced in vitro models, preclinical pharmacokinetics (PK) and toxicity data conducted in
laboratory animal species are the foundation of investigational new drug applications (BarreSinoussi and Montagutelli, 2015). Moreover, exploratory tissue distribution studies can only be
performed in preclinical species. The commonly used preclinical species in drug testing are
mouse (CD1), rat (Sprague Dawley and Wistar Han), dog (beagle), and non-human primates

they represent complete physiological systems for absorption, distribution, metabolism, and
excretion (ADME) processes, ii) both PK and pharmacodynamics (PD) can be studied
simultaneously, and ii) less ethical hurdles as compared to clinical studies (Barre-Sinoussi and
Montagutelli, 2015). However, animal studies are often associated with limitations of
interspecies differences in the processes that govern ADME and PD.
With respect to drug disposition, experimental animals are significantly different from humans.
While monkey is genetically the closest species to human, both protein abundance as well as
substrate affinity (Km) to enzymes and transporters can be largely different between human and
monkey. An antiviral agent, favipiravir, which is converted into the inactive oxidative metabolite
mainly by aldehyde oxidase (AOX), shows large interspecies differences in its metabolism with
highest metabolic clearance in monkeys followed by humans > mice > rats (Hanioka et al.,
2021). The abundance of organic anion transporter 1 (OAT1), organic cation / carnitine
transporter 2 (OCTN2), and multidrug resistance associated protein 4 (MRP4) in kidney tissues
is ~3-fold higher in monkeys than humans (Basit et al., 2019). The abundance of multidrug
resistance protein (Mdr1) or P-glycoprotein (P-gp) is higher in the male versus female kidney in
rats, whereas its abundance in the mouse kidney is significantly higher in females than males
(Basit et al., 2019). Therefore, it is important that the abundance and activity of enzymes and
6
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transporters are characterized across species. While cross-species data are available on
transporters and CYPs (Wang et al., 2015; Basit et al., 2019; Hammer et al., 2021), protein
abundance data for non-CYP enzymes are lacking, which is often associated with the
uncertainty in predicting human PK and toxicity of investigational drugs. A notable example is
the unpredictable nephrotoxicity associated with an insoluble AOX metabolite, 2-quinolinoneSGX523, in humans (Diamond et al., 2010). Insufficient efflux of this metabolite is the likely
cause of its accumulation in the human kidney leading to nephrotoxicity that can be explained

kidney. Variable rates of hydrolysis of clopidogrel to its inactive but major metabolite, clopidogrel
carboxylic acid (CCA) across species highlight the species difference in carboxylesterase 1
(CES1) mediated hydrolysis. In particular, the formation rate of CCA was slowest in rats and
fastest in minipig (Wang et al., 2020). This variability in hydrolysis of prodrug across species
might complicate the dose extrapolation from one species to another and may lead to either loss
of efficacy or higher exposure associated with adverse events (Wang et al., 2020).
The lack of specific probe substrates, inhibitors, and in vitro models to study non-CYP enzymes
are other critical challenges. Further, knowledge gap with respect to the extrahepatic
abundance of non-CYP enzymes adds additional challenges in predicting their role in drug
metabolism and toxicity. Further, non-CYP metabolites formed by CESs and AOX are often
associated with secondary metabolism, which can become rate limiting in the elimination of the
primary metabolites from tissues. In such cases, it is pertinent to understand the critical rate
limiting step(s) (primary metabolism) that affects the drug clearance and tissue exposure. Since
the metabolism of drugs often involves sequential processes (e.g., Phase I and Phase II
metabolism), species differences in the enzyme abundances can affect metabolite profiles in
experimental animals versus humans. For example, irinotecan metabolism to SN-38 by CES2 is
rate limiting for hepatic SN-38 exposure whereas UGT1A1 is the rate-limiting step for intestinal
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SN-38 exposure (Parvez et al., 2021). Therefore, it is important to characterize the relative
abundance of sequential enzyme systems such as CES and UGTs. Considering these
challenges, we quantified interspecies differences in protein abundance of AOX, CESs, UDPglucuronosyltransferases (UGTs), and sulfotransferases (SULTs) as a first step towards better
interpretation and scaling of preclinical data to human.

2. EXPERIMENTAL SECTION
Downloaded from dmd.aspetjournals.org at ASPET Journals on January 9, 2023

2.1

Materials

Methanol, MS-grade acetonitrile, and formic acid were purchased from Fisher Scientific (Fair
Lawn, NJ). Acetone was purchased from Sigma-Aldrich (St. Louis, MO). Bicinchoninic acid
(BCA) kit for total protein quantification was purchased from Pierce Biotechnology (Rockford,
IL). Ammonium bicarbonate (ABC) (98% pure), dithiothreitol (DTT), iodoacetamide (IAA), and
trypsin were procured from Thermo Fisher Scientific (Rockford, IL). Human serum albumin
(HSA) and bovine serum albumin (BSA) were purchased from Calbiochem (Billerica, MA) and
Thermo Fisher Scientific (Rockford, IL), respectively. Synthetic unlabeled peptides with amino
acid analysis and stable labeled (heavy) peptides were purchased from New England Peptides
(Boston, MA) and Thermo Fisher Scientific (Rockford, IL), respectively.
2.2

Procurement of tissue samples from preclinical species and collection of human

data
Unless otherwise stated here, tissue homogenate samples from preclinical species were
provided by BioIVT Inc. (Baltimore, MD). Pooled Sprague Dawley rat intestinal S9 (n=200),
Wistar Han rat liver S9 (n=240), and rhesus monkey pooled liver S9 (n=6) and intestinal S9
(n=7) fractions were procured from SEKISUI Xenotech (Kansas City, KS). The human data
were obtained from our previous study (Basit et al., 2020) for which the demographic
8
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information is provided in Supplementary Table S1. The details of the preclinical samples are
provided in Table 1.
2.3

S9 subcellular preparation

S9 fractions were prepared from tissue homogenates as described previously (Prasad et al.,
2018). Briefly, the homogenate was centrifuged at 9000 x g for 30 min at 4°C. The supernatant
(S9 fraction) was transferred to a new 1.5 mL centrifuge tube. Total protein in tissue samples
was quantified using the BCA assay kit (Pierce Biotechnology, Rockford, IL) following the

2.4

Surrogate peptide selection strategy

Selection of surrogate peptide(s) is the first critical step in targeted proteomics quantification by
LC-MS/MS. A detailed list of criteria for selection of signature peptides is described previously
(Bhatt and Prasad, 2018) and presented in Supplementary Figure S1. In brief, an ideal peptide
should be unique, sensitive, stable, soluble and LC-MS compatible. Surrogate peptides should
be unique to the protein of interest in a particular species, which can be confirmed by MShomology search such as by using Protein Prospector
(http://prospector.ucsf.edu/prospector/mshome.htm). In addition, we selected the surrogate
peptides which are orthologous in at least one more species to allow quantification using matrix
approach (Basit et al., 2019). However, in cases where orthologous peptides were not available,
we selected peptides with only 1-3 amino acid differences and retained terminal amino acids to
avoid variability in response (Table S2).
2.5

Sample preparation and LC-MS/MS analysis of targeted peptides

The S9 samples were digested using a previously optimized protocol (Ahire et al., 2021). Briefly,
80 µL of S9 sample (1 mg/mL total protein) was mixed with 30 µL ABC (100 mM), and 20 μL of
BSA (0.02 mg/mL) in a 1.5 mL microcentrifuge tube. The proteins were denatured and reduced
9

Downloaded from dmd.aspetjournals.org at ASPET Journals on January 9, 2023

vendor protocol. S9 fractions were stored at -80 C prior to LC-MS/MS analysis.

DMD Fast Forward. Published on December 30, 2021 as DOI: 10.1124/dmd.121.000774
This article has not been copyedited and formatted. The final version may differ from this version.

DMD-AR-2021-000774
with 10 μL 250 mM DTT at 95°C for 10 min with gentle shaking at 300 rpm. The sample was
cooled to room temperature for 10 min, and the denatured proteins were alkylated with 10 μL of
500 mM IAA in the dark for 30 min. Ice-cold acetone (1 mL) was added to precipitate proteins
followed by vortex mixing and centrifugation at 16,000 × g (4°C) for 5 min. The supernatant was
removed using vacuum suction. The protein pellet was dried for 10 min at room temperature
and washed with 500 µL ice-cold methanol followed by centrifugation at 8000 × g (4°C) for 5
min. The supernatant was removed, and the pellet was dried at room temperature for 30 min

was digested by adding 20 μL of trypsin (protein: trypsin ratio, ~ 25:1) and incubated at 37°C for
16 hours. The reaction was quenched by the addition of 20 μL of the peptide internal standard
cocktail (prepared in 40% acetonitrile in water containing 0.5% formic acid) and 10 μL 1% formic
acid in water. The sample was vortex mixed and centrifuged at 4000 ×g for 5 min. The
supernatant was collected in an LC-MS vial for analysis.
The samples were analyzed using an M-class Waters UPLC system coupled with Waters Xevo
TQ-XS µLC-MS/MS instrument supported by IonKey interphase. The peptides were separated
on iKey HSS T3 C18 column (130 A°, 1.8 µm, 150 µm x 150 mm) and nano Ease Symmetry
C18 trap column (300 µm x 50 mm) (Waters, Milford, MA). The optimized µLC-MS/MS
acquisition parameters are provided in Table S3.
2.6

Data analysis

The LC-MS/MS data were analyzed using Skyline 19.1 (University of Washington, Seattle, WA).
Briefly, the peptide peaks were identified by matching the retention time with the heavy internal
standards and alignment of the selected precursor ion to the respective product ion fragments.
A previously optimized robust data analysis approach was used (Wang et al., 2021), which
considers the internal standard protein (BSA), heavy internal standard peptide, and previously
characterized pooled sample. The absolute protein abundance (pmol/mg protein) was
10
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performed by using a previously characterized pooled sample as the calibrator (Bhatt and
Prasad, 2018). Protein abundance data across human tissues were compared using the
Kruskal−Wallis test followed by Dunn′s multiple comparison test (across three or more groups)
and the Mann−Whitney test (between two groups).
3. RESULTS
In this study, we quantified non-CYP DMEs in human and four commonly used preclinical

Wistar Han and Sprague Dawley rats, and CD-1 mouse across four tissues (liver, intestine,
kidney, and heart). These data were compared with our previously generated protein
abundance data for human non-CYP DMEs (AOX1, CESs, SULTs and UGTs) (Basit et al.,
2020). Wherever the surrogate peptide is conserved in preclinical species and humans, we
reported absolute DME abundance data in pmol/mg protein, otherwise, relative abundance data
(normalized to total protein) are presented.
3.1 Protein sequence similarity between human and preclinical species and peptide
selection for selective quantification
We used UniProt (https://www.uniprot.org/) and NCBI’s basic local alignment search tool
(BLAST; https://blast.ncbi.nlm.nih.gov/Blast.cgi) to compare the sequence similarity between
proteins in human and preclinical species. As shown in Figure 1 and Supplementary Table S4,
human and monkey are similar in their protein sequences with greater than 90% sequence
similarity except for CES2 in cynomolgus monkey. In dog, rat and mouse, non-CYP enzymes
showed 60-80% sequence similarity for AOX, CES and SULTs. Although there are four
mammalian isoforms of AOX (AOX1-4), differences exist in the expression of these genes
between human and preclinical species. Mouse and rat express four distinct AOX proteins, dog
and monkey express two AOX isoforms, whereas humans have only one isoform (Manevski et
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al., 2019). Table 2 presents the tissue localization of various AOX isoforms in human, monkey,
dog, rat, and mouse. Moreover, as shown in Figure 1, AOX1 is the only hepatic isoform in
human, monkey, and rat, although mouse AOX3 is also localized in the liver. Localization of dog
AOX proteins is not well characterized. We only quantified AOX1 or its analogous isoforms
because humans and most primates contain a single active AOX gene, i.e., AOX1, which has
highest sequence similarity with mouse and rat AOX1. Because dogs do not express AOX1, we
quantified AOX2 in dogs as it shows >60% sequence similarity with human AOX1.

nomenclature. For example, UGT2B7 in humans is 89% similar to UGT2B9 or UGT2B18 in
cynomolgus monkeys. This poses a challenge in surrogate peptide selection. Therefore, we
relied on quantitative proteomics analysis of unique species-specific surrogate peptide(s) for
UGT isoforms (Table S2).

3.2 Absolute abundance of non-CYP enzymes in human and non-human primates
Non-human primates share higher similarity in protein sequence (Table 2) and hence it was
possible to identify the conserved signature peptides between human and non-human primates
(except for UGTs) to quantify and compare the abundance of non-CYP enzymes in human and
non-human primates. In general, AOX is highly abundant in the liver compared to other tissues.
Hepatic AOX abundance in monkeys was comparable to that in humans (~1.6-fold difference)
(Figure 2). In the intestine, AOX is 2.2-fold higher in cynomolgus monkeys compared to in
rhesus monkeys, but it is not detectable in the human intestine. Hepatic CES1 abundance was
3-fold higher in humans compared to non-human primates. In contrast, intestinal and kidney
abundance in non-human primates is 20-40-fold higher than in humans. Similarly, CES2
abundance is higher in non-human primate intestine as compared to human intestine. In non-

12
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human primates, ~2-fold higher abundance of CES2 was observed in the liver as compared to
the intestine. In general, SULT1A1 levels are 3-5-fold higher in both intestine and liver of the
non-human primates as compared to corresponding human tissues. Interestingly, SULT1A1
was detected in the kidney of cynomolgus monkey but it was below the limit of quantification in
human kidney. Similarly, SULT1B1 and SULT2A1 were also observed in the cynomolgus
kidney, whereas it was similar in the liver and the intestine between humans and the non-human
primates. Regarding UGTs, the levels of UGT1A1 between the intestine and liver were similar in

primates. Hepatic abundance of UGT1A6 was 2-5-fold higher in the non-human primates
compared to humans. UGT1A6 was also detected in the monkey intestine and kidney. Hepatic
UGT2B4 and UGT2B7 were 6-fold and >3-fold higher in the non-human primates compared to
humans. In the intestine and kidney, UGT2B7 levels were comparable between humans and
the non-human primates. While UGT2B15 was below the limit of quantification in the human
intestine, the non-human primates showed comparable levels of UGT2B15 in the liver and the
intestine.
3.3 Hepatic abundance of non-CYP enzymes across species
The majority of non-CYP enzymes were predominantly detected in the liver across all the
species (Figure 3). AOX1 is not expressed in dogs and poorly expressed in rodents, however its
abundance is 3-5-fold higher in rats as compared to mice. Hepatic CES1 is 3-fold higher in
humans than monkeys, but CES2 is 3-5-fold higher in non-human primates than in humans.
Hepatic CES2 abundance is 3-10-fold lower in rodents than in humans and monkeys. SULT1A1
abundance in the liver is 4,7,5 and 3-fold higher in the non-human primates, dogs, and rats than
in humans, whereas it was 2-fold lower in mice. SULT1B1 abundance is comparable in humans
and the non-human primate livers, whereas it is 5-7-fold higher in rats compared to the rest of
the species. Hepatic UGT1A2 expression is ~4 fold higher in dogs compared to rats. UGT1A3
13
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abundance is 3-5-fold higher in dog liver than in human and monkey livers. UGT1A6 abundance
in the liver is 5-6-fold higher in humans compared to monkeys and dogs.

3.4 Relative extrahepatic to hepatic abundance on non-CYP enzymes across species
AOX is predominantly detected in the liver in all the species, except human and monkey
(kidney, intestine) (Figure 4). CES1 expression is higher in the liver, whereas CES2 is

were highly expressed in the intestine, whereas UGT1A6, 2B4, 2B7, 2B9, 2B15 and 2B35 were
predominantly detected in the liver. SULT1B1, 1E1 and 1A3 expression was higher in the
intestine than in the liver. The ratio of enzyme abundance between tissues showed high
interspecies variability. The intestine to liver ratio of CES2 abundance was 4 (human), 1
(cynomolgus), 1 (rhesus), 15 (dog), and 20 (rat). While SULT1A1 intestine to liver ratio was
similar across humans, monkeys and dogs, it was uniquely expressed in dog kidney (1.5-fold
higher than liver). The intestine to liver ratio of SULT1B1 was 8 (human), 5 (cynomolgus), 2
(rhesus monkey), and 35 (dog). The intestine to liver ratio of SULT2A1 and 1E1 showed a
similar pattern with a 2- to 4-fold higher ratio in monkeys as compared to humans. Although the
intestine to liver ratio for UGT1A1 in humans was 1, the ratio was higher in preclinical species,
i.e., 14 (cynomolgus and rhesus monkey), 2.5 (rat), and 1.2 (mouse).

4. DISCUSSION
Animal to human scaling of PK and toxicity data is important for the safety of healthy volunteers
or patients as well as to address the high attrition rate in clinical development. However, there
are several examples where interspecies differences in drug disposition partly contributed to the
discontinuation of clinical candidates (Semino-Mora et al., 1997; Attarwala, 2010). Such
14
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incidences are common if an investigational drug is an AOX substrate. For example, both
SGX523 and JNJ-38877605 (Lolkema et al., 2015) were responsible for nephrotoxicity due to
the formation of insoluble metabolites mediated by AOX in human kidney and ultimately leading
to discontinuation as a clinical candidate. Capmatinib, a highly selective and potent MET
(tyrosine kinase receptor) inhibitor also failed due to high interspecies differences in its AOX
mediated metabolism and toxicity (Lolkema et al., 2015; Glaenzel et al., 2020). Considering the
implications of interspecies differences in drug development, here we provided a quantitative

rhesus), dog, rat, and mouse. Our results showed large differences both in the cross-species
abundance within one organ as well as the relative localization of these enzymes across
different tissues.
Our data correlate with interspecies differences in the PK of drugs and may potentially explain
drug toxicity. For example, as discussed above, SGX-523 showed renal toxicity in humans
despite toxicology experiments performed in rodents and dogs because it is metabolized by
AOX to 2-quinolinone-SGX-523 that is accumulated in the human kidney. The high expression
of AOX in human and non-human primate compared to rodents and dogs as shown in this study
is the likely reason for the toxic levels of the metabolite (Diao and Huestis, 2019). Similarly, a
novel EGFR inhibitor, BIBX1382 failed in drug development because of poor oral bioavailability
associated with its extensive AOX mediated metabolism in humans as compared to rodents
(Uehara et al., 2021). Intestinal toxicity of irinotecan can also be explained by the tissue
proteomics data presented here. Irinotecan is converted to active metabolite SN-38 via CES2
and then subsequently glucuronidated by UGT1A1 (Parvez et al., 2021) and both CES2 and
UGT1A1 abundance play important roles in the intestinal toxicity. Our data suggest 3.5-fold
higher abundance of CES2 in the intestine as compared to the liver lead to the high local
concentration of SN38 in the human intestine (Parvez et al., 2021). Since CES2 and UGT
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abundances are significantly different across species and organs, the differences in tissuespecific metabolism in human versus preclinical species may be associated with unexpected
tissue metabolite profile and toxicity in humans. For example, the ratio of CES2 abundance
between intestine to liver in rats is higher than in humans suggesting that irinotecan to SN38
conversion in relation to liver is faster in rats as compared to humans (Figure 4). Similarly, the
prodrugs that are hydrolyzed in the intestine by CES enzymes such as dabigatran etexilate,
olmesartan, methylphenidate, and temocapril (Di, 2019) would experience variable hydrolysis

The interspecies difference in the abundance of non-CYP enzymes may not be directly used in
scaling animal data to humans due to differences in the substrate affinity (Km) to individual
proteins (Zou et al., 2018). We propose a systematic workflow that can be integrated into PBPK
modeling for quantitative scaling of non-CYP drug metabolism (Figure 5). Here if the
recombinant proteins are available from multiple species the potential isoforms involved in
metabolism can be shortlisted, which can then be investigated to estimate Km and Vmax values
across species. Finally, the scaling would require normalization of the in vitro clearance data
obtained in animal species with abundance as well as Km data from different species.
One of the interesting observations of our study was that SULT abundance was higher in the
intestine as compared to the liver in rodents which is completely opposite in humans. These
findings indicate key physiological differences regarding the need of SULT for the metabolism of
endobiotics. Further investigations are needed to understand the evolutionary reason for these
findings. UGT abundance data across tissues and across species provide new information, but
caution should be taken when using these data in animal to human scaling. For example,
UGT2B4 in human is similar to UGT2B19/30 in non-human primate and human UGT2B15 is
similar in protein sequence to UGT2B20 and UGT2B31 in rhesus monkey and dog, respectively.

16
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In conclusion, comprehensive quantitative information on non-CYP DMEs across preclinical
species including the non-human primates (cynomolgus and rhesus monkey), dog, rat (SD and
WH), mouse is presented and compared to the human data. This quantitative information on
protein abundance of non-CYP DMEs will be useful in i) extrapolation of drug metabolism data
from preclinical species to human ii) prediction of species-specific drug tissue disposition, and
iii) integration of protein abundance data with enzyme affinity to mechanistically explain the PK
and disposition profile in animal species based on the in vitro studies.
Downloaded from dmd.aspetjournals.org at ASPET Journals on January 9, 2023
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Legends for Figures
Figure 1. Protein sequence similarity (%) of various non-CYP enzymes between human and
preclinical species. The nomenclature of AOX and UGTs is not consistent across species. i)
Dogs do not express AOX1 and therefore AOX2 was quantified in dogs as it showed >60%
sequence similarity with human AOX1. ii) Human UGT1A3 has the closest sequence similarity

UGT2B19 or 2B30 in monkey (88%), UGT2B31 in dog (78%), UGT2B31 or 2B10 in rat (71%).
iv) Human UGT2B7 has closest sequence similarity to UGT2B9 or UGT2B18 in cynomolgus
monkey (90%), UGT2B31 in dog (75%) and UGT2B4 or 2B10 in mouse (70%). v) Human
UGT2B15 has the closest sequence similarity to UGT2B20 in rhesus monkey (92%) and
UGT2B31 in dog (76%). vi) Human UGT2B17 has closest sequence similarity to UGT1A4a in
cynomolgus monkey (93%), UGT2B20 in rhesus monkey (90%), UGT2B31 in dog (78%),
UGT2B1 in rat (71%), and UGT2B4 in mouse (71%). Details are provided in Supplementary
Table S4.
Figure 2: Comparison of absolute abundance (pmol/mg S9 protein) of non-CYP enzyme in
human and monkey across tissues. The data is presented for the proteins sharing conserved
peptides between human and monkey.
Figure 3: Relative hepatic abundance (per mg of S9 protein) of non-CYP DMEs across species.
X-axis represent the species (H = Human, C = Cynomolgus monkey, RH = Rhesus monkey, D =
Beagle Dog, SD = Sprague Dawley Rat, WH = Wistar Han rat and M = CD1 mouse) and y-axis
represent the relative protein abundance per mg protein. Table S5 contains absolute abundance
data for proteins where the peptide calibrators are available.
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Figure 4: Extrahepatic to hepatic ratio for non-CYP DMEs across species. ND = Not detected
due to non-conserved isoform, α = Intestinal specific abundance
Figure 5: Factors affecting interspecies extrapolation of non-CYP drug metabolism
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TABLES
Table 1: Characteristics and Source of Tissues from Preclinical Species
Species

Tissue

Sex

Pooled/Individual

M
M
M
M
M
M
M
M
M
M
M
M
2 M, 1 F
M
M
M
M
M
M
M
M
M

Pooled
Pooled
Pooled
Pooled
Pooled
Pooled
Pooled
Pooled
Pooled
Pooled
Pooled
Pooled
Individual
Individual
Individual
Individual
Individual
Individual
Individual
Individual
Pooled
Pooled

Source

BioIVT
BioIVT
CD1 mouse
BioIVT
BioIVT
BioIVT
BioIVT
SD Rat
SEKISUI XenoTech
BioIVT
SEKISUI XenoTech
BioIVT
WH Rat
BioIVT
BioIVT
BioIVT
BioIVT
Beagle Dog
BioIVT
BioIVT
BioIVT
BioIVT
Cynomolgus
BioIVT
BioIVT
SEKISUI XenoTech
Rhesus
SEKISUI XenoTech
University of
Liver
21
12 M, 9 F
Individual
Washington
University of
Kidney
22
13 M, 9 F
Individual
Washington
Human*
Intestine
14
10 M, 4 F
Individual
BioIVT
University of
Heart
17
10 M, 7 F
Individual
Washington
*Previously analyzed human data were used to compare cross-species differences in DME
abundance.
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liver
Kidney
Intestine
Heart
liver
Kidney
Intestine
Heart
liver
Kidney
Intestine
Heart
Liver
Kidney
Intestine
Heart
Liver
Kidney
Intestine
Heart
Liver
Intestine

Donor
(n)
12
12
12
12
6
6
200
6
240
6
6
6
3
3
3
3
4
3
4
1
6
7
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Table 2: Reported data on the localization of AOX isoforms in preclinical species and human
Protei
n

Tissue(s)
Mouse

Rat

Dog

Monkey

Human

Liver,
Liver, heart,
NP
Liver, lung,
Liver,
esophagus, lung, lung, spleen,
kidney,
adipose
heart, Harderian
and kidney
lacrimal gland
tissue, lung,
gland, olfactory
and olfactory
skeletal
mucosa, skin,
mucosa
muscle, and
testis, brain,
pancreas
spinal cord, and
eye
Olfactory
Unknown
Thyroid
Nasal mucosa NP
AOX2
mucosa
gland
epithelium and
skin
Liver
Unknown
NP
NP
AOX3
Harderian
Harderian
Nose,
NP
NP
AOX4
glands,
glands,
Mammary
sebaceous
sebaceous
glands, skin,
glands,
glands,
testis, brain
epidermis, and
epidermis, and
testis
testis
Unknown indicates that the protein is expressed, but the localization is not characterized. NP =
Gene or protein not present
AOX1
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Protein sequence similarity (%)

Rhesus

Dog

100
90
80
70
60
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Cynomolgus

Rat

Mouse

50
AOX1

CES1

CES2

SULT1A1 SULT1B1 SULT2A1 SULT1E1

UGT1A1

UGT1A3

UGT1A6

UGT2B4

UGT2B7 UGT2B15 UGT2B17

AO
CES1
CSE2
SULT1A1
SULT1B1
SULT1E1
SULT2A1
SULT1A3
UGT1A1
UGT1A3
UGT1A6
UGT2B4
UGT2B7

Rhesus

UGT2B7

Cyno

UGT2B4

Human

UGT1A6

Rhesus

30
UGT1A3

Cyno

UGT1A1

Human

35
Rhesus

Cyno

Human

Rhesus

Cyno

Human

Rhesus

Cyno

Human

Rhesus

Cyno

Human

Rhesus

Cyno

Human

Kidney

Rhesus

150

Cyno

250

Human

350

Rhesus

Intestine

Cyno

450

Human

550

Rhesus

650

Cyno

750

Human

Rhesus

Cyno

Human

Rhesus

Cyno

Human

Rhesus

Cyno

Human

Rhesus

Cyno

Human

Rhesus

Cyno

Human

Rhesus

Cyno

Human

Rhesus

Cyno

Human

Rhesus

Cyno

Human

Rhesus

Cyno

Liver

Rhesus

Cyno

SULT1A3

Human

Rhesus

Cyno

SULT2A1

Human

Rhesus

Cyno

SULT1E1

Human

Rhesus

Cyno

SULT1B1

Human

Rhesus

Cyno

SULT1A1

Human

Rhesus

Cyno

CSE2

Human

Rhesus

CES1

Cyno

Human

Rhesus

AO

Cyno

Human

40

Rhesus

45
Human

50

Cyno

aa

Human

Protein abundance (pmol/mg S9 protein)
850
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950

Heart

UGT2B15

25

20

15

10

5

0

UGT2B15

Relative protein abundance
(Arbitrary unit)

15

Peptide 1

20

Peptide 2

0.4

15
10

SULT1A1

50
40

0.3

5

C Rh SD WH M

0
D

H

0.8

0.6

Peptide 2

0.6
0.4

0.2

20

0.1

10

0.0
C Rh SD WH M
SD WH
D M

UGT1A1

Peptide 1

UGT1A2
0.05

2.5

0.04

2.0

0.03

0
H

3

1.5

0.02

0.2
0.2

0.01

H

1.0
0.5

0
C Rh
H CD Rh SD WH M

D

0.0
H

C Rh D SD WH M

UGT1A6
10

UGT1A7
0.08

4

1.5

8

0.20

1.0

Peptide 2 1.5

0.6

0.6

0.10

0.4
0.4

0.05

0.5
0.2

0.2

0.00

UGT2B7

1

H

Peptide 2

1.0

H

0.0
0.0
C Rh SD WH M SD
D WH M H

UGT2B9

UGT2B34

0.0
C D
Rh SD WHSD
MWH
DM
CH Rh

H

UGT2B35 UGT2B36

0.6

0.15

0.6

0.4

0.10

0.4

0.8
0.6
0.4

4

0.02

SULT2A1
Peptide 1 0.8

0.8

0.15

6

2

0.00
0.0
0
0.00
C Rh DD SD WH H C RhH MC Rh D SD WHHM C Rh D SD WH M SD WH M

SULT1E1

Peptide 1

C Rh D SD WH M

3
0.04

1.0
0.5

H

UGT2B4
5

0.06
5

0.0
C RH H SD WH
SD WH
M M
D

2.0

1

UGT1A3

0.4

0.0

4

2

5

0

SULT1B1

30

10

H

Relative protein abundance
(Arbitrary unit)

0.5

CES2
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CES1

AOX1

0.2

0.05

2

0.00
0
0.0
0
H M
C Rh D SD WH MC Rh D SD WHSD
M WH
H M
C Rh
H D
C Rh D SD WH

0.2
0.2
0.0
0.0
H C SD
RhWH
D M H SD
C WH
Rh M
D H

1

C

ND

ND

ND

ND

α

ND

ND

ND

ND
ND
ND
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ND

ND

ND

ND

ND

ND

ND

ND

ND

ND

ND
ND

ND

ND

ND

ND

ND

ND

ND

ND

ND

ND

ND

ND

ND

ND

ND

ND
ND

ND
ND

ND

ND

ND

ND

ND

ND

ND

ND

ND

α

1

𝐶𝐿𝑖𝑛𝑡 =

𝑉𝑚𝑎𝑥
𝐾𝑚+[𝑆]

=
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Interspecies
protein
abundance
difference

Protein
sequence
homology

𝐴𝑏𝑢𝑛𝑑𝑎𝑛𝑐𝑒 𝑥 𝐾𝑐𝑎𝑡
𝐾𝑚+[𝑆]

Differential
tissue
abundance

𝐶𝐿𝑖𝑛𝑡, ℎ𝑢𝑚𝑎𝑛 𝛼 𝐶𝐿𝑖𝑛𝑡, 𝑎𝑛𝑖𝑚𝑎𝑙 𝑥

Active
site

𝐴𝑏𝑢𝑛𝑑𝑎𝑛𝑐𝑒ℎ𝑢𝑚𝑎𝑛
𝐴𝑏𝑢𝑛𝑑𝑎𝑛𝑐𝑒𝑎𝑛𝑖𝑚𝑎𝑙

x
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