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ABSTRACT

Current challenges in accurately predicting intestinal metabolism
arise from the complex nature of the intestine, leading to limited
applicability of available in vitro tools aswell as knowledge deficits in
intestinal physiology, including enzyme abundance. In particular,
information on regional enzyme abundance along the small intestine
is lacking, especially for non–cytochrome P450 enzymes such as
carboxylesterases (CESs), UDP-glucuronosyltransferases (UGTs),
and sulfotransferases (SULTs). We used cryopreserved human
intestinal mucosa samples from nine donors as an in vitro surrogate
model for the small intestine and performed liquid chromatography
tandem mass spectrometry–based quantitative proteomics for 17
non–cytochrome P450 enzymes using stable isotope–labeled pep-
tides. Relative protein quantification was done by normalization with
enterocyte marker proteins, i.e., villin-1, sucrase isomaltase, and
fatty acid binding protein 2, and absolute protein quantification is
reported as picomoles per milligram of protein. Activity assays in
glucuronidations and sequential metabolisms were conducted to

validate the proteomics findings. Relative or absolute quantifica-
tions are reported for CES1, CES2, five UGTs, and four SULTs along
the small intestine: duodenum, jejunum, and ileum for six donors and
in 10 segments along the entire small intestine (A–J) for three donors.
Relative quantification using marker proteins may be beneficial in
further controlling for technical variabilities. Absolute quantification
data will allow for scaling factor generation and in vivo extrapolation
of intestinal clearance using physiologically based pharmacokinetic
modeling.

SIGNIFICANCE STATEMENT

Current knowledge gaps exist in intestinal protein abundance of
non–cytochrome P450 enzymes. Here, we employ quantitative
proteomics to measure non–cytochrome P450 enzymes along the
human small intestine in nine donors using cryopreserved human
intestinal mucosa samples. Absolute and relative abundances
reported here will allow better scaling of intestinal clearance.

Introduction

Oral intake is the most common route of drug administration
because of its convenience and cost-effectiveness (Deng et al., 2017).
However, incomplete and variable bioavailability can arise from oral
administration, as drugs pass through barriers in absorption, intestinal
metabolism, and hepatic metabolism before reaching systemic
circulation (Thummel, 2007). Notably, these are sequential events
with multiplicative effects that can significantly reduce systemic drug

exposure, potentially limiting drug efficacy and increasing interpa-
tient variability in drug response. Historically, intestinal metabolism
was considered to be of minor importance compared with the liver
because of a smaller tissue mass containing drug-metabolizing
enzymes (DMEs) (Thummel, 2007). However, a significant impact
of intestinal DMEs on systemic drug exposure has been demonstrated
for substrates of CYP3A4, such as cyclosporine (Kolars et al., 1991),
midazolam (Paine et al., 1996), and cobimetinib (Takahashi et al.,
2016), as well as substrates for intestinal sulfotransferases (SULTs)
and UDP-glucuronosyltransferases (UGTs) such as acetaminophen,
phenylephrine, terbutaline, and raloxifene (Shen et al., 1997; Wu
et al., 2011). Further, clinically significant food-drug interactions can
occur at the intestine. For example, inhibition of CYP3A4 by
furanocoumarins in grapefruit juice giving rise to altered systemic
exposure of drugs has been shown in vivo, resulting in labeling
changes for several medications (Bailey et al., 2013).
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Amajor limitation in investigating intestinal metabolism is the lack
of reproducibility in available in vitro systems (Peters et al., 2016;
Rostami-Hodjegan et al., 2017). This is in stark contrast to well
established in vitro tools available for studying hepatic metabolism,
including subcellular fractions such as microsomes, and primary
human hepatocytes, which are considered to be the gold standard (Li
et al., 2018). The region of the intestine used for in vitro preparations
can differ widely, as can the preparation techniques for tissue
fractionation and isolation of intestinal subcellular fractions, leading
to inconsistent quality of preparations, which may impact scaling
factors (Hatley et al., 2017a,b). Moreover, the commonly used colon
cancer Caco-2 cell line, although useful for studying absorption, has
low baseline expression of most DMEs, limiting its use in intestinal
metabolism assessment (Küblbeck et al., 2016). Exploration of other
immortalized cell lines (LS180, T84), fetal human small intestinal
epithelial cells, and stem cell–derived enterocytes have failed to fully
replicate in vivo intestinal metabolism (Yamaura et al., 2016). Human
precision-cut intestinal slices, although most biologically representa-
tive, do not offer long-term viability or preservation for widespread
and reproducible use (Li et al., 2016). Primary human enterocytes
show promising activity (Ho et al., 2017), but isolation may also be
more sensitive to the method employed because of the heterogeneous
nature of the small intestine compared with the liver (Hatley et al.,
2017b; Li et al., 2018). Intestinal three-dimensional organoid cultures
have shown to be useful for investigating disease states, but their
utility in drug development has not been thoroughly evaluated.
Regardless of the metabolic system, knowledge deficits in enzyme
abundance and resulting lack of scaling factors are major limitations
of intestinal in vitro tools, which are further hampered in preclinical
animal models because of interspecies differences (Peters et al.,
2016).
Physiologically based pharmacokinetic (PBPK) modeling has been

proposed as an important tool to address the complexities of intestinal
metabolism (Peters et al., 2016). PBPK modeling is also recognized by
regulatory agencies as a useful tool that combines system-specific
physiology and drug-specific properties to help guide labeling decisions
for certain conditions or populations (Yeo et al., 2013; Jamei, 2016). In
a recent effort to assess PBPK applications of orally administered drugs,
large discrepancies were noted between measured and simulated
profiles, with an indication of knowledge gaps in intestinal physiologic
system (Darwich et al., 2017; Margolskee et al., 2017a,b). Quantitative
proteomics applied to different tissues can generate the scaling factors
necessary for mechanistic modeling approaches and lessen the knowl-
edge gap (Prasad et al., 2017). Although intestinal abundance of
cytochrome P450s is well described in the literature (Paine et al.,
2006), studies of non–cytochrome P450 DMEs including UGTs are
generally lacking (Gufford et al., 2014). As an example, UGT2B17 is an
understudied intestinal isoform harboring a common gene deletion and
high interindividual variability (Zhang et al., 2018).
We used cryopreserved human intestinal mucosal epithelium (CHIM)

as a surrogate model for proteomic quantification of metabolically active
intestinal tissue. CHIM is a novel in vitro tool for evaluating intestinal
metabolism and is prepared using collagenase digestion to separate the
mucosa from underlying muscularis and serosal tissue, followed by
gentle homogenization of the mucosa and cryopreservation (Li et al.,
2018). Minimal processing of CHIMs aims to retain the heterogeneous
cellular nature of the intestinal mucosa (primarily epithelia) and high
level of DME expression, thus allowing a more functionally represen-
tative experimental system (Li et al., 2018). Proteomic characterization
of such tissue is necessary to generate scaling factors for in vitro–to–in
vivo extrapolations and further translation and application of the CHIM
model (Rostami-Hodjegan, 2012).

Heterogeneity of the small intestine necessitates additional consid-
erations for proteomic characterization. In particular, incorporation of
marker proteins, which are specific for mature enterocytes, is needed for
accurate scaling. Several specific markers for enterocytes have been
reported. Villin-1 (VIL1) is an actin-binding protein that is a major
structural constituent of enterocyte brush borders and microvilli, with
high levels found in mature differentiated cells (Hodin et al., 1997).
Sucrase isomaltase (SI) is reported to be a specific marker for intestinal
epithelial cells (Iwao et al., 2014). Intestinal fatty acid binding protein 2
(FABP2) is a cytosolic protein that is specific for mature enterocytes
(Piton and Capellier, 2016).
Here, we report proteomic characterization of non–cytochrome P450

enzymes known or suspected to be expressed along the length of the
human small intestine in CHIMs using LC-MS/MS quantitative
proteomics with stable isotope–labeled (SIL) peptides. The following
17 enzymes were examined: aldehyde oxidase, carboxylesterase 1
(CES1), CES2, UGT1A1, UGT1A3, UGT1A4, UGT1A6, UGT1A8,
UGT1A10, UGT2B4, UGT2B7, UGT2B17, sulfotransferase 1A1
(SULT1A1), SULT1A3, SULT1B1, and SULT2A1. We compared the
non–cytochrome P450 abundance in CHIM with a commercially avail-
able pooled intestinal S9 (GIS9) fraction and compared the proteomic
findings with CHIM activity assays. We investigated testosterone
glucuronidation as a UGT2B17-specific probe reaction and UGT2B-
mediated clopidogrel acyl glucuronide (CAG) formation using clopidogrel
carboxylic acid (CCA) as a substrate and imatinib as a UGT2B17-specific
inhibitor. Additionally, we qualitatively examined sequential metabolism
using clopidogrel (CPG) and camptothecin-11 (CPT-11) as substrates for
CES1 and CES2, respectively, with subsequent glucuronidation reactions
mediated by UGT2Bs and UGT1A1, respectively.

Materials and Methods

Materials. SIL peptides and synthetic unlabeled peptides were purchased from
Thermo Fisher Scientific (Rockford, IL) and New England Peptides (Boston,
MA), respectively. Ammonium bicarbonate (ABC, 98% purity), bovine serum
albumin (BSA), dithiothreitol, iodoacetamide, trypsin protease (mass spectrom-
etry grade), testosterone, and CPT-11 were obtained from Thermo Fisher
Scientific. Clopidogrel, clopidogrel carboxylic acid, and clopidogrel acyl
glucuronide were ordered from Toronto Research Chemicals (North York,
ON), and testosterone glucuronide-d3 was obtained from Cerilliant Corporation
(Round Rock, TX). Human serum albumin was acquired from Calbiochem
(Billerica, MA). Mem-PER Plus Membrane Protein Extraction kit, Pierce
bicinchoninic acid protein assay kit, Optima MS-grade acetonitrile, chloroform,
methanol, and formic acid were purchased from Fisher Scientific (Fair Lawn, NJ).
Pooled GIS9 fractions were purchased from Xenotech (Kansas City, KS). CHIM
samples, Cryopreserved Enterocyte RecoveryMedium (CERM), andHepatocyte/
Enterocyte Incubation Medium (HQM) were purchased from In Vitro ADMET
Laboratories, Inc (Columbia, MD). Segmented sections (A–J) were dissected in
12-inch increments from the pyloric sphincter. CHIM donor demographics are
shown in Table 1.

Protein Extraction. Protein extraction was performed using the Mem-PER
Plus Membrane Protein Extraction kit (Thermo Fisher Scientific), closely
following a previously published protocol (Zhang et al., 2018). CHIM samples
were thawed in a 37�Cwater bath for 90–120 seconds, then resuspended inMem-
PER kit cell wash solution or recoverymedia (CERM), followed by centrifugation
at 300g for 5 minutes or 100g for 10 minutes at room temperature, respectively,
and supernatants were removed. This wash process was performed twice with cell
wash solution. Samples washed with CERM underwent an additional resuspen-
sion in HQM and centrifugation at 300g for 5 minutes at 4�C. CHIMs were then
resuspended in 110–500 ml of permeabilization buffer and placed on an
Eppendorf ThermoMixer (Hauppauge, NY) with shaking at 300 rpm for
30 minutes at 4�C. Permeabilized cells were then centrifuged at 16,000g for
15 minutes at 4�C, and resulting supernatant containing cytosolic proteins was
collected. Remaining pellets were resuspended in 110–500 ml of solubilization
buffer, sonicated for 30 seconds, and incubated with shaking at 300 rpm for
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60 minutes at 4�C. Total protein concentrations were measured from protein
extraction aliquots using Pierce bicinchoninic acid protein assay according to the
manufacturer’s protocol, using BSA as the calibrator protein (Thermo Fisher
Scientific). Samples were standardized for protein digestion to 2 and 0.5 mg/ml
with the addition of solubilization and permeabilization buffer for membrane and
cytosolic proteins, respectively. All samples were stored at 280�C until further
analysis.

Protein Denaturation, Alkylation, Enrichment, and Digestion. Trypsin
digestion followed previously described optimized protocols (Bhatt et al., 2019).
Extracted protein aliquots were mixed with ABC buffer (100 mM, pH 7.8),
dithiothreitol (250mM), BSA (0.02mg/ml), and human serumalbumin (10mg/ml)
and then denatured for 10 minutes at 95�C. Upon cooling, iodoacetamide (500
mM) was added for alkylation of cysteine residues, followed by incubation in
the dark at room temperature for 30 minutes. Protein enrichment and desalting
were done with the addition of chloroform-methanol-water (1:5:4), followed
by removal of the liquid phase under vacuum, pellet wash with methanol,
drying, and resuspension with ABC buffer (50 mM, pH 7.8). Protein digestion
was initiated with the addition of trypsin (0.16 mg/ml) and incubated for
16 hours with shaking at 300 rpm at 37�C. Digestion was stopped with the
addition of ice-cold acetonitrile: water 80:20 (v/v) with 0.5% formic acid and
SIL internal standard cocktail. A minimum of five positive quality controls
(PQCs) and three pooled GIS9 fractions were included in each batch of
processed samples to assess robustness and reproducibility and control for
technical and instrumental variability.

Quantification of Surrogate Peptides of Non–Cytochrome P450 DMEs.
Samples were analyzed using an Acquity ultra-performance liquid chromatogra-
phy system (Waters, Milford, MA) coupled to a Sciex Triple Quadrupole 6500
system (Sciex, Framingham, MA). An Acquity ultra-performance liquid chro-
matography HSS T3 1.8 mm, C18 100 Å; 100 � 2.1 mm column (Waters) was
used to achieve chromatographic peptide separation following previously
established protocols (Bhatt, et al., 2019). Skyline software (University of
Washington, Seattle, WA) was used to process acquired data. Representative LC-
MS/MS chromatograms are provided (Supplemental Fig. 1).

Both absolute and relative quantifications were performed. Absolute abun-
dance data are presented as picomoles protein per milligram of membrane or
cytosolic protein. Samples with total protein concentrations falling below the
optimized digestion concentration were excluded from analysis. Relative
abundance was calculated as peak area ratio normalized with average peak area
ratio of villin-1 and sucrase isomaltase for membrane proteins and fatty acid
binding protein 2 for cytosolic proteins. Relative quantification was done to
address technical variability associated with CHIM preparations and the
multicellular nature of intestinal tissue. Relative quantification was performed
for 11 DMEs and all marker proteins: CES1, CES2, UGT1A1, UGT1A3,
UGT1A10, UGT2B7, UGT2B17, SULT1A1, SULT1A3, SULT1B1, SULT2A1,
and VIL1, SI, and FABP2. Relative quantification was also done for subcellular
marker proteins such as calnexin and calreticulin as endoplasmic reticulum
membrane and lumen markers, respectively. Absolute quantification was
performed utilizing a PQC sample as a calibrator from our previous studies for
all proteins listed above except SULT1A3, SULT1B1, andmarker proteins (Bhatt
and Prasad, 2018). A previously optimized approach was applied for surrogate
peptide selection and quantification for SULT1A3, SULT1B1, and marker

proteins (Vrana et al., 2017). A list of studied proteins and their UniProt identifiers
is provided (Supplemental Table 1). An optimized quantitative proteomics
protocol was used to ensure the rigor and reproducibility (Bhatt and Prasad,
2018). Detailed LC-MS/MS parameters specific to this study are provided
(Supplemental Table 2). The in silico peptide selection criteria ensures that the
peptides are stable (Bhatt and Prasad, 2018). Autosampler stability of peptides has
been tested by measuring consistency in the MS response of SIL peptides.
Moreover, the PQC sample was stored at280�C and analyzedmultiple times over
a period of 1 year. The linearity and lower limit of quantification (LLOQ) were
established with surrogate peptide standards (unlabeled peptides) for each enzyme
in-house.

Activity Assays. CHIM samples were thawed in a 37�C water bath for up to
120 seconds. Samples were then resuspended in CERM and centrifuged at 100g
for 10minutes at room temperature, followed by supernatant removal; this process
was repeated with HQM. CHIM samples were then reconstituted with HQM to
a protein concentration of 0.5 mg/ml. In total, 50 ml of CHIM suspension was
added to 96-well plates with 50 ml of HQM containing two times the desired final
concentration of substrates, resulting in a final reaction volume of 100 ml.
Substrates and final concentrations were as follows: testosterone (5 mM), CCA
(100 mM), CPG (40 mM), CPT-11 (20 mM), and imatinib (5 mM). Upon addition
of CHIM suspension and gentle mixing, plates were incubated for 30–60 minutes
at 37�C and quenched with ice-cold acetonitrile containing internal standard
testosterone glucuronide-d3. Plates were centrifuged at 300g for 5 minutes at 4�C,
and 50-ml aliquots were transferred to corresponding LC-MS/MS compatible
plates and stored at 280�C until analysis. Detailed liquid chromatography
gradient conditions and multiple reaction monitoring parameters are described
(Supplemental Table 3). CAG quantification was done using an external
calibration curve. Activity assays were performed based on protein content
(milligrams of protein per milliliter), and correlation was examined with absolute
protein quantification (picomoles per milligram protein).

Statistical Analysis. Statistical analysis was performed using Microsoft Excel
(Redmond, WA) and GraphPad Prism version 5.03 for Windows (La Jolla, CA).
Sectional comparisons (duodenum, jejunum, and ileum) were evaluated using
nonparametric Kruskal-Wallis test, followed by Dunn’s multiple comparison test.
Segmented CHIM lots (6023, 6037, 6038) were grouped into duodenum (A),
jejunum (B–H), and ileum (I and J). Protein abundance-activity correlations were
examined using the Spearman rank test. P values less than 0.05 were considered
significant.

Results

Non–Cytochrome P450 Enzyme Quantification. CESs and UGTs
were quantified in CHIM membrane fractions, and SULTs were
quantified in CHIM cytosolic fractions. Among the 17 proteins
investigated, six proteins (i.e., aldehyde oxidase, UGT1A4, UGT1A6,
UGT1A8, UGT2B4, and SULT1E1) were undetectable. UGT1A8,
which is considered an intestinal selective UGT isoform, could not be
detected, likely because of the low sensitivity for its surrogate peptide
under the LC-MS/MS conditions employed. The surrogate peptides used
for protein quantification were confirmed to be selective by multiple

TABLE 1

CHIM demographics

Donor ID
Age
(yr)

Sex Race Available Intestinal Segment

6023 49 F Caucasian A and B, D–J (n = 9)
6037 59 F Pacific Islander A–J (n = 10)
6038 38 M Caucasian A–J (n = 10)
6001/03/05 (1) 20 M Caucasian Duodenum, jejunum, ileum
6008/07/06 (2) 20 M Caucasian Duodenum, jejunum, ileum
6012/11 (3) 36 F Asian Duodenum, jejunum
6015/10/16 (4) 59 M Caucasian Duodenum, jejunum, ileum
6018/17/19 (5) 57 F Caucasian Duodenum, jejunum, ileum
HE3061/64/48 (6) 59 M Hispanic Duodenum, jejunum, ileum

F, female; ID, identifier; M, male.
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approaches (i.e., in silico criteria, correlation of fragments and peptides,
as well as coelution with SIL peptides) as discussed previously (Bhatt
and Prasad, 2018). The variability in peptide response across multiple
batches of PQC sample was within 20%, which confirmed that the
peptides and proteins are stable in the samples at280�C over a period of
1 year.
Relative Quantification of Non–Cytochrome P450 Enzymes

Using Marker Proteins. Relative quantification for membrane
enzymes was performed by normalization with average of SI and
VIL1 and for cytosolic enzymes with intestinal FABP2. Regional
distributions of relative area ratios normalized by total protein concen-
trations for VIL1, SI, FABP2, and their average values are shown in
Fig. 1. There was a strong correlation between SI and VIL1 relative
abundance, as well as significant correlations between SI and VIL1
average and FABP2, a cytosolic enterocyte marker. However, no
correlation was seen with SI and VIL1 average and pan-UGT1A
peptide, a peptide conserved across all UGT1A from shared exons
(Supplemental Fig. 2). VIL1 and SI also showed significantly lower
abundance in duodenum compared with the jejunum and ileum, whereas
FABP2 distribution trended the same but remained nonsignificant
(Supplemental Fig. 3). Relative quantifications for each enzyme are
presented graphically in Fig. 2, compiled average values normalized to
duodenum for all enzymes are shown in Fig. 3, and numerical values are
reported (Supplemental Table 4). Relative DME abundance generally
seemed to trend higher in duodenum compared with jejunum and further
decreased in ileum because of the higherabundance of normalizing
marker proteins. Segmented proteomic analyses across multiple sections
(n = 10) indicate that interindividual variability was greater than inter-
regional variability, indicated by the degree of nonoverlap between
donors.
Absolute Quantification of Non–Cytochrome P450 Enzymes.

Absolute quantifications are reported from membrane fractions (pico-
moles per milligram membrane protein) for CESs and UGTs and from
cytosolic fractions (picomoles per milligram cytosolic protein) for
SULTs. Table 2 shows the average values, and a graphical representa-
tion for each enzyme and compiled average values are presented
(Supplemental Figs. 4 and 5, respectively). Absolute quantifications
for cytosolic fractions in seven lots of CHIMs were excluded because of

low total protein content (lots 6017, 6018, 6023-I, 6037-E, 6037-G,
6037-H, 6038-H). Absolute quantification showed higher variability and
fluctuations between lots compared with relative quantification, possibly
as an indicator of technical variability.
Comparison of CHIM Protein Quantification with Pooled

Intestinal S9 Fraction. CHIM membrane and cytosolic protein
fractions for non–cytochrome P450 enzymes and various marker
proteins were compared with an independent pooled (n = 15) GIS9
fraction from Xenotech (Fig. 4). CESs and UGTs were undetectable in
cytosolic fractions, whereas a majority of SULTs were present in
cytosolic fractions, consistent with FABP2 recovery. SI is a brush-
border enzyme and was enriched in the membrane fraction, whereas the
cytoskeletal protein VIL1 was present in both fractions, but also with
a strong significant correlation with SI (Supplemental Fig. 2). Calnexin
and a pan-UGT1A conserved peptide as marker proteins for endoplas-
mic reticulum membrane showed enrichment in the membrane fraction.
These data indicate that the DME protein abundance is not compromised
in the CHIM samples. This comparison shows that relative levels of
non–cytochrome P450 enzymes across two different models are
consistent.
Glucuronide Formation and Sequential Metabolism in CHIM

Model. To validate the utility of the CHIM model as a functional
surrogate of intestinal tissue, non–cytochrome P450 functional activity
assays were performed using four substrates, i.e., testosterone, CCA,
CPG, and CPT-11. Testosterone glucuronide (TG) formation in the
intestine is solelymediated by UGT2B17, whereas CAG formation from
CCA is mainly catalyzed by UGT2B7 and UGT2B17, with minor
contributions from UGT1A3 and UGT1A9 (Kahma et al., 2018).
UGT2B17 CHIM protein abundance showed robust correlation with
TG formation (r2 = 0.97, P = 0.0004). CAG formation rate showed
significant correlation with UGT2B17 abundance (r2 = 0.86, P = 0.011)
but not with UGT2B7 abundance (r2 = 0.33, ns), as shown in Fig. 5. The
correlation between CAG formation and UGT2B17 abundance became
nonsignificant when imatinib, a UGT2B17-specific inhibitor, was
coincubated with substrate. UGT1A3 and UGT1A10 abundance
showed no significant correlation with CAG formation.
Sequential metabolism of CPG and CPT-11 by CES-mediated

hydrolysis and UGT-mediated glucuronidation was examined using

Fig. 1. Relative abundance of enterocyte marker proteins along the intestine. Relative area ratios for VIL1, SI, and FABP2 are normalized by total protein
concentrations and are shown in (A–C). Average values for all marker proteins are shown in (D). The left panel in each figure shows CHIMs from duodenum,
jejunum, and ileum in six donors. The right panel shows 10 segments down the intestinal tract (A–J) in three donors. Blank points indicate missing or excluded
samples, and error bars show S.D.
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Fig. 2. Relative protein abundance of non–cytochrome P450 enzymes along the intestine in CHIMs. Relative protein abundance was calculated by normalizing relative area
ratios of each enzyme with average area ratios of VIL1 and SI for CESs and UGTs and intestinal FABP2 for SULTs. The left panel in each graph shows CHIMs from
duodenum, jejunum, and ileum in six donors. The right panel shows 10 segments down the intestinal tract (A–J) in three donors. Blank points indicate missing or excluded
samples, and error bars show S.D.
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relative metabolite-to-parent ratios (M/P ratios) and absolute protein
abundance (Fig. 6). M/P ratios for CES-mediated hydrolysis showed an
association with CES1 abundance for CPG (CCA/CPG) and CPT-11
(SN38/CPT-11), with the exception of C6015 with CPG. Secondary

M/P ratios for glucuronides also showed a similar association with
UGT2B17 abundance for CCA to CAG. Interindividual variability in
activity was fairly consistent with corresponding variabilities in enzyme
abundance, which exceeded technical variabilities. This indicates the

Fig. 3. Average relative abundance of non–cytochrome
P450 enzymes along the intestine. Compiled average
relative abundance values for CESs (A), UGTs (B), and
SULTs (C). Relative values have been standardized to
duodenum values as 1. The left panel in each graph
shows CHIMs from duodenum, jejunum, and ileum in
six donors. The right panel shows 10 segments down
the intestinal tract (A–J) in three donors. Error bars
show S.D.

TABLE 2

Absolute protein quantification mean values (picomoles per milligram protein; S.D. in parentheses) of non–cytochrome P450 enzymes in different segments of human
intestinea A–J indicate 10 different intestinal segments from duodenum to ileum.

Protein Duodenum Jejunum Ileum A B C D E F G H I J LLOQb

CES1 9.1 4.1 2.8 14.9 7.2 6.6 4.2 4.4 4.7 3.4 3.5 3.3 3.5 1.9
(4.7) (2.9) (0.7) (11.5) (5.8) (n/a) (2.4) (3) (2.8) (1.7) (1.9) (1.6) (2.1)

CES2 693 646 682 718 756 756 626 604 664 631 753 784 753 54.9
(168) (139) (215) (271) (366) (n/a) (157) (85) (141) (225) (348) (177) (265)

UGT1A1 1.8 1.8 1.3 2.1 2.3 2.2 2.0 1.8 1.9 2.0 2.1 1.9 1.7 0.32
(1) (0.6) (0.8) (0.8) (0.8) (n/a) (0.5) (0.7) (1.2) (1.3) (1) (0.8) (0.9)

UGT1A3 0.09 0.12 0.1 0.1 0.11 0.15 0.1 0.11 0.15 0.14 0.16 0.17 0.15 0.03
(0.06) (0.06) (0.1) (0.02) (0.02) (n/a) (0.03) (0.04) (0.11) (0.13) (0.11) (0.04) (0.06)

UGT1A10 23.3 26.9 29.7 30.5 27.5 35.3 28.1 25.6 20.2 26.1 24.7 24.9 26.8 10.2
(6.3) (6.5) (10.8) (12) (7.2) (2.3) (8.6) (2.3) (2.2) (15.3) (8) (3.9) (10.4)

UGT2B7 2.7 3.0 2.9 2.6 3.4 3.8 3.6 3.3 4.3 4.7 5.2 5.6 4.6 0.17
(1.2) (0.9) (1.8) (0.6) (0.9) (n/a) (0.8) (1.2) (2.4) (2.8) (2.3) (0.9) (1.4)

UGT2B17 6.9 4.9 7.8 7.3 5.5 5.1 5.4 4.9 7.3 7.3 7.8 8.3 8.1 0.17
(3.5) (1.7) (3) (7.1) (5.8) (n/a) (4.7) (4.5) (6.8) (7.2) (7.4) (7.2) (7.1)

SULT1A1 9.5 9.9 6.9 7.5 15.3 6.8 4.6 11.3 12.5 7.4 5.1 28.4 13 0.73
(7.4) (7.1) (5.1) (7.8) (12.5) (n/a) (2.8) (n/a) (10.5) (n/a) (n/a) (n/a) (16.3)

SULT2A1 7.9 13.5 5.6 9.5 22.7 7.3 8.7 23.1 21.9 13.8 28.2 36.9 16.2 0.3
(3.7) (7.4) (3.4) (7.2) (12.1) (n/a) (5.5) (n/a) (14.8) (n/a) (n/a) (n/a) (15.1)

LLOQ, lower limit of quantification.
aCES and UGT values are from membrane proteins, and SULTs are from cytosolic proteins.
bPicomoles per milligram protein.
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importance of using individual donor samples, rather than pooled
samples, for predicting the impact of interindividual variability on
drug metabolism during drug development for assessing population
variability.

Discussion

Limitations exist in the available in vitro tools for accurate
quantitative assessment of intestinal metabolism, and knowledge
gaps preclude reliable in vitro-in vivo extrapolation. These limitations
stem from the multifunctional nature of the small intestine, which acts
as a physical and biochemical protective barrier, as well as an
absorptive organ, and comprises a heterogeneous mixture of cell
types, the majority being mature enterocytes (Gehart and Clevers,
2019). Intraindividual variability, small sample sizes, and varying
technical methods and conditions employed in collection, isolation, or
preparation of intestinal mucosa contribute to inconsistent and
irreproducible results, with each in vitro model having its own
advantages and limitations (Shen et al., 1997; Sawant-Basak et al.,
2018). Quantitative proteomic reports on regional distribution of
intestinal non–cytochrome P450 enzymes are lacking. Targeted LC-
MS/MS–based proteomics allows for simultaneous, multiplexed
quantification of multiple drug-metabolizing enzymes and trans-
porters, yielding more consistent and reproducible results (Bhatt
and Prasad, 2018). Acquired proteomics data can be used to assess
technical variabilities due to different preparation methods, as well as
biologic variabilities due to multiple cell types. Here, we used
quantitative proteomics to investigate regional intestinal abundance

of multiple DME proteins and normalization through abundance of
enterocyte marker proteins to address technical variability.
Proteomic characterization was performed in two ways. Absolute

quantification (picomoles per milligram protein) was done in membrane
or cytosolic fractions of CHIM protein extractions, and relative
quantification was done using enterocyte marker proteins. Although
no head-to-head comparison is available for absolute quantification,
values are comparable to published results: slightly lower abundance in
CHIM compared with intestinal microsomes (Nakamura et al., 2016;
Akazawa et al., 2018) and significantly higher than total tissue
abundance (Drozdzik et al., 2017). Importantly, absolute quantification
of proteins in the intestinal membrane and cytosolic fractions provides
an expression scaling factor that can be applied to in vitro results to
predict in vivo first-pass intestinal extraction as well as the contribution
of intestinal metabolism to systemic clearance.
Relative quantification using marker normalization was performed to

control for technical variabilities, including lot-to-lot variation. Relative
normalization resulted in a smoother curve compared with absolute
quantification, suggesting that technical variability can significantly
affect quantification. Marker proteins such as VIL1, SI, or FABP2 for
mature enterocytes may be further applied in in vitro–to–in vivo
extrapolations to generate accurate scaling factors. Given the complex
anatomy and physiology of the intestine, it would be beneficial to better
characterize marker proteins for mature enterocytes as well as for
subcellular fractions to provide accurate assessment of enzyme function
in vivo. The necessity for marker protein incorporation spans across all
in vitro tools and becomes more important as in vitro developments
better reflect the multicellular complexity of the intestine, such as

Fig. 4. Comparison of protein abundance between pooled GIS9 and CHIM protein extraction. Protein abundance for non–cytochrome P450 enzymes and enterocyte marker
proteins is compared between an independent pooled GIS9 (black) to CHIM membrane fractions (gray) and cytosolic fractions (patterned) in absolute abundance [(A),
picomoles per milligram protein] and relative abundance [(B), normalized to GIS9], with error bars showing S.D. CESs and UGTs were undetectable in cytosolic fractions,
whereas SULTs were detected in both fractions.

Fig. 5. CHIM activity in glucuronide formation and UGT2B protein abundance. TG formation (open bars), UGT2B17 protein abundance (solid line), and activity-expression
correlation (P = 0.004) are shown in (A). CAG formation rate, UGT2B protein abundance (UGT2B17 in solid line and UGT2B7 in truncated line), and correlation
coefficients (nonsignificant for UGT2B7, P = 0.011 for UGT2B17) are shown in (B). CAG formation from CCA without or with imatinib (IMAT) as a UGT2B17-specific
inhibitor is shown in gray and black bars, respectively. Error bars show S.D. Intestinal TG formation is solely UGT2B17-mediated, whereas CAG formation is mainly
mediated by both UGT2B7 and UGT2B17.
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organoids. In this study, relative abundance of non–cytochrome P450
enzymes, using marker normalization, was higher in duodenum
compared with jejunum, whereas absolute abundance was reported to
be higher in jejunum compared with duodenum (Drozdzik et al., 2017).
This result is likely due to lower abundance of the marker proteins used
for normalization, i.e., villin-1 and sucrase isomaltase, whichmay be due
to lower microvilli and brush-border content per gram of tissue in
duodenum. Although utilization of marker proteins is beneficial, this
highlights the importance of considering their distribution when
planning in vitro-in vivo extrapolations.
Activity assays examined UGT2B-mediated glucuronidation and

CES and UGT-mediated sequential metabolism. UGT2B17, although
a minor hepatic isoform, is a major isoform in the intestine, and the
converse is true for UGT2B7, which is considered the major drug-
metabolizing UGT isoform (Williams et al., 2004; Harbourt et al., 2012;
Sato et al., 2014). Accordingly, CAG formation is reported to be
mediated by UGT2B7 mainly in the liver (50%–60%) and with an
intestinal contribution of only 12%. UGT2B17’s contribution to CAG
formation is around 10% in the liver and increases to 87% in the intestine
(Kahma et al., 2018). Intestinal contribution of UGT2B17 to CAG
formation is reproduced in CHIMs, as shown by the strong correlation
between CAG formation and UGT2B17 protein abundance. The data
highlight the importance of considering individual UGT2B17 abun-
dance when predicting intestinal first-pass metabolism, in which the
fraction metabolized may vary widely because of variation from genetic
and regulatory factors (Bao et al., 2008; Kaeding et al., 2008; Hu et al.,
2014, 2016; Wijayakumara et al., 2015; Bhatt et al., 2018); use of
average values will mask the wide range of pharmacokinetic parameters
that can be expected for UGT2B17 substrates.

Sequential drug metabolism by CHIMs was also qualitatively
examined. Of note, CES1- and UGT2B-mediated clopidogrel metab-
olism showed an outlier with high CES1 but low CCA/CPG ratio. A
possible explanation may be transporter effects; P-glycoprotein, or
multidrug resistance protein 1 (MDR1), has been shown to influence
clopidogrel absorption up to 9-fold in vitro, and clinical associations
of lower maximum concentration and exposure for clopidogrel and its
active metabolite have been reported with multidrug resistance
protein 1C3435T genotype (Taubert et al., 2006).multidrug resistance
protein 1
Some limitations of this study include incomplete protein extraction

for cytosolic proteins, resulting in cytosolic proteins being detected in
membrane fractions. This may be due to the differential brush-border
composition of enterocytes with tight junctions and residual mucus
layers, leading to reduced surfactant activity and protein extraction.
Although we still saw enrichment of cytosolic proteins, further
optimization may be beneficial. Parallel protein quantification in CHIM
homogenates or isolated microsomes would have been ideal for cross-
comparisons with published studies. In addition, only qualitative activity
assessments were made for sequential metabolism of clopidogrel and
CPT-11. Further studies with CHIM with higher concentrations may
provide more accurate assessments of enzyme activity.
In conclusion, both absolute and relative non–cytochrome P450

proteomic quantifications were performed along the human small
intestine using the CHIM model, by utilizing SIL peptides and enter-
ocyte marker proteins. Activity assays validated the proteomic quanti-
fications and also indicate the potential impact of UGT2B17 on
intestinal first-pass metabolism as the major intestinal UGT isoform
that is highly variable.

Fig. 6. Sequential metabolism of CPG and CPT-11 in CHIMs. Sequential metabolism of CPG to CCA by CES1 and glucuronidation to CAG by UGT2B17 and UGT2B7
(A) are shown in (C and E), respectively. Hydrolysis of CPT-11 to SN38 by CES2 and subsequent glucuronidation to SN38-Gluc by UGT1A1 (B) are shown in (D and F),
respectively. Metabolite/parent ratios are shown in bars, enzyme abundances are shown in lines, and error bars show S.D.
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