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Abstract 

We report here successful isolation and cryopreservation of enterocytes from human small intestine. 

The enterocytes were isolated by enzyme digestion of the intestinal lumen followed by partial 

purification via differential centrifugation.  The enterocytes were cryopreserved directly after isolation 

without culturing to maximize retention of in vivo drug metabolizing enzyme activities.   Post-thaw 

viability of the cryopreserved enterocytes was consistently over 80% based on trypan blue exclusion. 

Cryopreserved enterocytes pooled from 8 donors (4 male and 4 female) were evaluated for their 

metabolism of 14 pathway-selective substrates:  CYP1A2 (phenacetin hydroxylation), CYP2A6 (coumarin 

7-hydroxylation), CYP2B6 (bupropion hydroxylation), CYP2C8 (paclitaxel 6α-hydroxylation), CYP2C9 

(diclofenac 4-hydroxylation), CYP2C19 (s-mephenytoin 4-hydroxylation), CYP2D6 (dextromethorphan 

hydroxylation), CYP2E1 (chlorzoxazone 6-hydroxylation), CYP3A4 (midazolam 1’-hydroxylation and 

testosterone 6β-hydroxylation), CYP2J2 (astemizole O-demethylation), UDP-glucuronosyltransferase 

(UGT; 7-hydroxycoumarin glucuronidation), sulfotransferase (SULT; 7-hydroxycoumarin sulfation), and 

carboxylesterase 2 (CES2; irinotecan hydrolysis) activities.  Quantifiable activities were observed for 

CYP2C8, CYP2C9, CYP2C19, CYP2E1, CYP3A4, CYPJ2, CES2, UGT and SULT, but not for CYP1A2, CYP2A6, 

CYP2B6 and CYP2D6.   Enterocytes from all 24 donors were then individually evaluated for the 

quantifiable drug metabolism pathways.  All demonstrated quantifiable activities with the expected 

individual variations.   Our results suggest that cryopreserved human enterocytes represent a 

physiologically relevant and convenient in vitro experimental system for the evaluation of intestinal 

metabolism, akin to cryopreserved human hepatocytes for hepatic metabolism.    
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Introduction 

 

Intestinal metabolism has been reported to be responsible for the low bioavailability of approximately 

50% of orally-administered drugs (Kaminsky and Zhang 2003; Thummel 2007; Wacher et al. 2001; 

Watkins 1992).  In vitro evaluation of intestinal drug metabolism therefore represents an experimental 

approach that can be applied to guide the development of drugs with acceptable oral bioavailability.  

The commonly used in vitro model of intestinal mucosal epithelium, the colon adenocarcinoma Caco2 

cell line, while useful in defining permeability and P-gp efflux, is generally not considered appropriate for 

the evaluation of enteric drug metabolism due to the low basal level of drug metabolizing enzyme 

activity (Nakamura et al. 2002; Prueksaritanont et al. 1996).  To overcome this deficiency, Caco2 cells 

have been transfected with human P450 isoforms, especially CYP3A4, for the evaluation of drug 

bioavailability in the presence of P450 metabolism (Crespi et al. 1996; Kublbeck et al. 2016).  However, 

this approach is far from representative of intestinal metabolism which is known to involve multiple 

pathways, including various P450 isoforms and non-P450 drug metabolizing enzymes (Nakamura et al. 

2016; Paine et al. 2006).   

 

Current in vitro experimental models of human intestinal metabolism include human intestinal 

microsomes (Galetin et al. 2008; Kolars et al. 1992), precision cut intestinal slices (van de Kerkhof et al. 

2008), and freshly isolated enterocytes (Bader et al. 2000; Bonnefille et al. 2011; Hansen et al. 2000; 

Zhang et al. 2003).  Of these systems, primary enterocytes may represent the most physiologically 

relevant model, akin to primary hepatocytes for hepatic metabolism.  Intact enterocytes possess key 

cellular properties which are key to the assessment of in vivo events including an intact plasma 

membrane to allow modeling of membrane permeability, uptake and efflux drug transporters, as well as 
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complete and uninterrupted drug metabolizing enzyme pathways and cofactors for both phase I 

oxidation and phase II conjugation.   

 

In our laboratory, we embarked upon the isolation and cryopreservation of enterocytes with the goal of 

developing a physiologically relevant experimental model for the evaluation of intestinal uptake, 

metabolism and efflux.  We report here our success in the isolation and cryopreservation of human 

enterocytes to retain viability and drug metabolism enzyme activities.  
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Materials and Methods: 

 

Chemicals.  Astemizole, irinotecan hydrochloride, dextrorphan tartrate, diclofenac sodium salt, 7-ethyl-

10-hydroxycamptothecin (SN38), 4-hydroxydiclofenac, s-mephenytoin, 4-hydroxymephenytoin, 

paclitaxel, and testosterone were purchased from Cayman Chemical (Ann Arbor, MI).  7-

Hydroxycoumarin was purchased from Chem Service (West Chester, Pennsylvania). Bupropion 

hydrochloride was obtained from AK Scientific (Union City, CA).  7-Hydroxycoumarin sulfate potassium 

salt was obtained from Santa Cruz Biotechnology (Dallas, Texas). Chlorzoxazone, coumarin, 

dextromethorphan hydrobromide, 6β-hydroxytestosterone, 7-hydroxycoumarin β-D-glucuronide 

sodium salt, (2S, 3S)-hydroxy bupropion hydrochloride, 7-ethoxycoumarin, and phenacetin were 

purchased from Sigma-Aldrich (St. Louis, MO). 6-Hydroxychlorzoxazone, 6α-hydroxypaclitaxel, 

midazolam, 1'-hydroxymidazolam, O-desmethyl astemizole, and 4-hydroxy-S-mephenytoin were 

obtained from Toronto Research Chemicals (Toronto, Canada).   

Human intestine.  Human intestines from multiple donors were obtained from the International 

Institute for the Advancement of Medicine (IIAM, Exton, PA).   

 

Enterocyte isolation and cryopreservation.   Isolation of enterocytes from human intestines was 

performed via enzymatic digestion of the intestinal lumen based on procedures previously reported 

for porcine intestines (Bader et al. 2000; Hansen et al. 2000).  The follow lengths (post-pyloric 

sphincter) were used to aid the identification of the various regions of the small intestine for 

enterocyte isolation:  duodenum: 26 centimeters (9.84 inches), jejunum: 2.5 meters (8.2 feet) and 

ileum: 3.5 meters.  The intestines were recovered with a warm ischemic time of less than 15 

minutes, and shipped to our laboratory on wet ice in University of Wisconsin Preservation Solution, 

with a cold ischemic time of less than 24 hours. 
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Upon receipt of the small intestines, adipose tissue associated with intestines was removed by 

dissection.  The intestinal lumen was washed rapidly with cold calcium and magnesium free Hank’s 

Balanced Salt Solution to remove intestinal contents followed by digestion with  an isotonic buffer 

containing 0.25 mg/mL of type I collagenase (Sigma-Aldrich).  The cells released from the intestinal 

lumen were sieved to remove relatively large cell clusters followed by partial purification by differential 

centrifugation (100xg, 20 minutes). The enterocytes were quantified and cryopreserved immediately 

after isolation using a programmable liquid nitrogen cell freezer and stored in the vapor phase of liquid 

nitrogen maintained at <-150C.   

 

Recovery of cryopreserved enterocytes. Cryopreserved enterocytes (In Vitro ADMET Laboratories, 

Columbia, MD) were thawed in a 37°C water bath for approximately 2 min and transferred by pouring 

into a 50 ml conical of Cryopreserved Enterocyte Recovery Medium, (CERMTM, In Vitro ADMET 

Laboratories, Columbia, MD) that was pre-warmed in a 37°C water bath. The thawed enterocytes were 

recovered by centrifugation at 100 x g for 10 min at room temperature. After centrifugation, the 

supernatant was removed by decanting. A volume of 250 µl of 4°C Hepatocyte/Enterocyte Incubation 

Medium, (HQMTM, In Vitro ADMET Laboratories, Columbia, MD) was added to the intact pellet of 

enterocytes at the bottom of the conical tube followed by gently agitation to reconstitute an enterocyte 

suspension. Viability and yield were quantified in a hemacytometer based on trypan blue dye exclusion 

(Sigma-Aldrich).  

 

Measurement of enterocyte diameter.  Photomicrographs of the enterocytes were taken using a phase 

contrast photomicroscope.  The photomicrographs were printed and the diameters were measured and 

corrected for the magnification factor.  Results (µm) are expressed as mean and standard deviation 

values of 50 randomly chosen cells from each enterocyte lot.    
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Incubation of enterocytes with drug metabolizing enzyme substrates. DME substrate incubations were 

performed in a cell culture incubator maintained at 37°C with a humidified atmosphere of 5% CO2.   

Enterocyte cell density was adjusted to 3 x 106 cells/ml in HQMTM.  Aliquots of 50 µl cell suspension were 

added to individual wells (150,000 viable enterocytes/well) of a 96-well plate for the evaluation of drug 

metabolism activities. After cell addition, the 96-well plate was pre-warmed in the incubator for 15 min, 

followed by the addition of 50 µl of pre-warmed (37°C) HQMTM containing DME substrates at 2x final 

concentration and incubated for 2 hrs.   The final incubation mixture in each well therefore had a 

volume of 100 l, with a cell density of 1.5 x 106 cells/ml.  Substrates for the multiple drug metabolism 

pathways evaluated are shown in Table 1.  Metabolism was terminated in each well by the addition of 

100 µl acetonitrile. The final incubation samples were stored at -80°C for the subsequent LC/MS-MS 

analysis.  

 

LC/MS-MS quantification of metabolite formation.  Upon thawing, an aliquot of 100 µl of acetonitrile 

containing an internal standard of 250 nM tolbutamide was added to each sample.  All samples were 

centrifuged at 13,000 rpm for 5 minutes.  An aliquot of 100 µL of supernatant from each was transferred 

to a 96 well plate and was diluted with 200 µL of deionized water for LC/MS-MS analysis using an API 

4000 QTRAP mass spectrometer with an electrospray ionization source (AB SCIEX, Framingham, MA) 

connected to Agilent 1200 series HPLC (Agilent Technologies, Santa Clara, CA).  An Agilent Zorbax Eclipse 

Plus C18 column (4.6 x 75 mm i.d., 3.5 μm; Agilent Technologies, Santa Clara, CA) at a flow rate of 1 

mL/min was used for the chromatography separation. The mobile phase consisted of 0.1 % formic acid 

in acetonitrile (A) and 0.1 % formic acid in water (B).  The gradient for the positive ion mode operation 

was programed as: 0 to 2.5 min, increase B from 5 to 95%; 2.5 to 3.5 min, 95% B; 3.5 to 3.6 min, 

decrease B to 5%; run-time 5 min.  The gradient program for the negative ion mode was: 0 to 3 min, 
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increase B from 5 to 95%; 3 to 4 min, 95% B; 4 to 4.2 min, decrease B to 5%; run-time 6 min.   Data 

acquisition and data procession were performed with the software Analyst 1.6.2 (AB SCIEX, 

Framingham, MA).  Standard assays of the metabolites were performed in LC/MS-MS MRM mode, 

monitoring the mass transitions (parent to daughter ion).  The metabolism substrates used, identities of 

the metabolites quantified, and LC/MS-MS parameters are shown in Table 1.  
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Results 

 

Donor demographics:  Enterocytes were isolated and cryopreserved from 25 donors.  Age, gender, and 

ethnicity of the donors are shown in Table 2.  

 

Morphology, size, viability and yield of cryopreserved human enterocytes.  The morphology of 

cryopreserved human enterocytes immediately after recovery is shown in Figure 1.  The enterocytes 

consisted of either single cells or small cell clusters, with a rounded morphology typical of mammalian 

cells in suspension.  The average post-thaw viability of human enterocytes for the 25 donors was 84.7  

4.7% with a range of 78% to 95%, with an average diameter of 14.9  1.0 m (Table 2).   

 

Drug metabolizing enzyme activities.   

 

Metabolism of 14 substrates using pooled human enterocytes:  Human enterocytes from 4 male and 4 

female donors were combined (pooled) and incubated with 14 pathway-selective substrates for the 

evaluation of their drug metabolism potential.  Results are shown in Table 3.   

 

Individual variations in drug metabolizing enzyme activities:  Enterocytes from 24 donors were 

evaluated for CYP2C9 (diclofenac 4-hydroxylation), CYP2C19 (s-mephenytoin 4-hydroxylation), CYP3A4 

(midazolam 1’-hydroxylation and testosterone 6β-hydroxylation), CYP2J2 (astemizole O-demethylation), 

CES (irinotecan hydrolysis), UGT (7-hydroxycoumarin glucuronidation), and SULT (7-hydroxycoumarin 

sulfation) activities.  Results are shown in Table 4.     
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Discussion  

 

Intestinal uptake, efflux, and metabolism are the three key determinants of bioavailability of orally 

administered drugs.  Enterocytes isolated from the small intestines represent an ideal model to evaluate 

these determinants.  Successful isolation of primary enterocytes to retain drug metabolizing enzyme 

activities have been previously reported using a variety of procedures including the following: from mice 

via EDTA perfusion (Zhang et al. 2003),   from pigs via collagenase digestion (Bader et al. 2000; Hansen et 

al. 2000), and from humans via mechanical separation (Chougule et al. 2012).  Our report here 

represents the first to report successful cryopreservation of primary enterocytes isolates from humans  

to retain viability and drug metabolizing enzyme activities.  Using enterocytes pooled from 4 male and 4 

female donors, quantifiable metabolite formation was observed for CYP2C8 (paclitaxel 6α-

hydroxylation), CYP2C9 (diclofenac 4-hydroxylation), CYP2C19 (s-mephenytoin 4-hydroxylation), CYP2E1 

(chlorzoxazone 6-hydroxylation), CYP3A4 (midazolam 1’-hydroxylation and testosterone 6β-

hydroxylation), CYP2J2 (astemizole O-demethylation), CES (irinotecan hydrolysis), UGT (7-

hydroxycoumarin glucuronidation), and SULT (7-hydroxycoumarin sulfation).  Undetectable activities 

were observed for the following drug metabolizing enzymes:  CYP1A2 (phenacetin hydroxylation), 

CYP2A6 (coumarin 7-hydroxylation), CYP2B6 (bupropion hydroxylation), and CYP2D6 

(dextromethorphan hydroxylation).  Ranking of activities in descending order is as follows: 

 

CYP3A4 (testosterone) > SULT> UGT> CYP3A4 (midazolam)>CYP2C9>CYP2J2>CYP2C19=CYP2E1>CES2>CYP2C8 

 

Our ranking of the quantifiable drug metabolizing enzymes in enterocytes are consistent with that 

reported by others for P450 (Paine et al. 2006; Xie et al. 2016), UGT (Bock 2016; Radominska-Pandya et 

al. 1998), and SULT (Chen et al. 2003; Teubner et al. 2007), with  CYP3A4 and UGT are believed to be the 
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most important drug metabolizing enzymes responsible for metabolism-dependent enteric drug 

bioavailability.  One interesting observation is that lack of significant CYP2D6 activity in the intestines, as 

this P450 isoform is known to be specifically responsible for hepatic metabolism of a large number of 

commonly used human drugs, especially for antipsychotic drugs (Vandel et al. 1999).  The lack of 

CYP2D6 activities is consistent with the findings with oxycodone metabolism by intestinal mucosal 

microsomes where the CYP3A4 mediated N-demethylation, but not the CYP2D6-mediated O-

demethylation was observed (Lalovic et al. 2004). 

 

Based on the results with the pooled enterocytes, enterocytes from 24 donors were evaluated to 

estimate the extent of inter-individual variations in enteric drug metabolism.  The 24 donors represent 

the enterocytes that we successfully isolated and cryopreserved at the time of the preparation of this 

manuscript. The results confirmed that enterocytes possess CYP2C9, CYP2C19, CYP3A4, CYP2J2, CES2, 

UGT and SULT activities, with substantial inter-individual differences. The range of activities, expressed 

as pmol/min/million enterocytes, for the various drug metabolizing enzymes are:  CYP2C9:  0.03 

(HE3011) – 7.93 (HH3034);  CYP2C19:  0.01 (HE3011) – 1.13 (HE3033); CYP3A4 (midazolam 1’-

hydroxylation):  0.09 (HE3011) – 4.35 (HH3034); CYP3A4 (testosterone 6β-hydroxylation):  2.60 (HE3011) 

– 45.2 (HE3034); CYP2J2:  0.19 (HE3021) – 1.98 (HE3034); CES2:  0.05 (HE3030) – 0.60 (HE3009); UGT:  

1.01 (HE3011) – 122.6 (HE3034); SULT: 0.79 (HE3031) – 22.0 (HE3040).  An interesting observation is 

that one of the enterocyte lots, HE3034 (from a 50 year old female Caucasian), was found to have UGT 

activity of 122.6 pmol/min/million enterocytes, approximately 12 fold of the average of the values for 

enterocytes from the other 23 donors (ranging from 1.01 to 29.6 pmol/min/million enterocytes) of 9.7 

pmol/min/million enterocytes.  This same donor also had highest CYP3A4 and CYP2J2 activities.  In 

contrary, HE 3011 (from a 53 year old female Caucasian), had the lowest activities for CYP2C9, CYP2C19, 

CYP3A4, and UGT activities.  Individual differences in intestinal metabolism is a potential determinant in 
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individual differences in bioavailability for orally administered drugs (Jamei et al. 2009).  Our results 

suggest that enterocytes from individuals with different drug metabolizing enzyme activities may be 

used to evaluate this important drug property.  However, It is to be added that cryopreservation may 

lead to attenuation of drug metabolizing enzyme activities.  This possibility is being investigated in our 

laboratory.  For now, our data definitively demonstrate that the cryopreserved enterocytes were active 

in the drug metabolizing enzyme activities evaluated.  Whether the cryopreserved enterocyte reflect in 

vivo activities is yet to be determined.   

 

Besides the metabolic activities shown here, we have quantified gene expression of the enterocytes 

from the multiple donors and demonstrated that the cells consistently express enterocyte-specific 

markers, P450 isoforms, uptake and efflux transporters (manuscript in preparation). 

 

 

Cryopreserved enterocytes may represent the “gold standard” for enteric metabolism studies, as do 

human hepatocytes for hepatic metabolism (Fabre et al. 1990; Gomez-Lechon et al. 2004; Li 2010), for 

similar reasons. An intact plasma membrane with active transporters allows the modeling of drug 

permeability.  Complete, uninterrupted drug metabolizing enzyme systems allow simultaneous 

evaluation of multiple metabolic pathways. CYP450 and phase II DMEs and their cofactors exist at 

physiological concentrations in enterocytes, which minimizes experimental artifacts such as ubiquitous 

CYP450 protein binding observed in human liver microsomes. Finally, cytosolic proteins in enterocytes 

allow modeling of intracellular protein binding.  Cryopreserved enterocytes may be used routinely in 

drug development to allow the optimization of drug candidates with the most appropriate enteric 

metabolic properties.  Two major potential applications of cryopreserved human enterocytes are:  1. 

investigation of the role of enteric metabolism on bioavailability of orally administered drugs; and, 2. 
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enteric drug-drug and food-drug interactions which occurs specifically in the intestine but not in the 

liver, as exemplified by the findings with grapefruit juice on intestinal drug metabolism (Holmberg et al. 

2014), uptake (Shirasaka et al. 2013) and efflux (Wang et al. 2001).    A major focus of our laboratory 

currently is the development of experimental approaches using cryopreserved human enterocytes to 

evaluate key enteric drug properties including metabolic clearance, metabolite profiling, transporter-

mediated uptake and efflux, P450 inhibition and induction, and enterotoxicity.   
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Figure Legend 

Figure 1: Phase contrast microscopy of cryopreserved and thawed human enterocytes.   Enterocytes 

from HE3005, a 23 year old male Caucasian were shown.  The cells exhibited rounded cell morphology 

with uniform cell size.  The enterocytes were mainly single cells with some cell aggregates.   
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Table 1:  Metabolic pathways, substrates, metabolites and LC/MS-MS parameters for the 
quantification of the drug metabolizing enzyme activities of cryopreserved human enterocytes.  
Tolbutamide was used as an internal standard with the MRM (Mass Transition Monitoring) at  m/z 
271.2 to 91.3 and m/z269.1 to 105.9 for positive mode and negative mode, respectively.  

 

Metabolic 
Pathway 

Pathway-selective 
Substrate (µM) 

Marker Metabolite  
Ion Mode 

Application 
Mass Transitions 

Monitoring 

CYP1A2 Phenacetin (100) Acetaminophen Positive m/z 152.1 to 109.9 

CYP2A6 Coumarin (50) 7-Hydroxycoumarin Negative m/z 161.0 to 132.9 

CYP2B6 Bupropion (500) Hydroxybupropion Positive m/z 250.1 to 130.1 

CYP2C8 Paclitaxel (20) 6α-Hydroxypaclitaxel Positive m/z 870.4 to 525.2 

CYP2C9 Diclofenac (25) 4-Hydroxydiclofenac Negative m/z 309.8 to 265.9 

CYP2C19 
S-Mephenytoin 

(250) 
4-Hydroxy-S-
Mephenytoin 

Positive m/z 235.2 to 150.0 

CYP2D6 
Dextromethorphan 

(15) 
Dextrophan Positive m/z 258.1 to 157.1 

CYP2E1 Chlorzoxazone (250) 6-Hydroxychlorzoxazone Negative m/z 183.9 to 119.8 

CYP3A4-1 Midazolam (20) 1’-Hydroxymidazolam Positive m/z 342.1 to 203.1 

CYP3A4-2 Testosterone (200) 6β-Hydroxytestosterone Positive m/z 305.2 to 269.1 

CYP2J2 Astemizole (50) O-Demethylastemizole Positive m/z 445.0 to 204.2 

CES2 Irinotecan (50) SN38 Positive m/z 393.0 to 349.3 

UGT 
7-Hydroxycoumarin 

(100) 
7-Hydroxycoumarin 

Glucuronide 
Negative m/z 336.9 to 160.9 

SULT 
7-Hydroxycoumarin 

(100) 
7-Hydroxycoumarin 

Sulfate 
Negative m/z 240.9 to 161.0 
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Table 2:  Demographics, viability, yield and cellular diameter of human enterocytes from 25 individual 

donors (BMI:  Body mass index).   

Lot 
Number 

Gender Ethnicity 
Age 

(years) 
BMI 

Viability 
(%) 

Yield 
(million) 

Cellular 
Diameter  

(µm) 
Region 

HE3005 Male Caucasian 23 25 88 2.8 15.6 Duodenum 

HE3006 Female Caucasian 44 32.7 78 0.9 15.5 Duodenum 

HE3007 Male Hispanic 43 30.3 80 1.5 14.3 Duodenum 

HE3008 Male Caucasian 18 29.5 84 2.7 15 Duodenum 

HE3009 Female Caucasian 44 48.3 89 2.8 15 Duodenum 

HE3010 Male Caucasian 47 31.1 85 1.5 14.2 Duodenum 

HE3011 Female Caucasian 50 24.2 79 1.2 15.4 Duodenum 

HE3013 Female 
African 

American 
57 33.0 75 1 14.8 Duodenum 

HE3014 Male 
African 

American 
49 24.1 89 0.7 14.5 Duodenum 

HE3015 Male Caucasian 24 26.1 86 2.4 14.8 Duodenum 

HE3016 Male 
African 

American 
32 23.4 89 1.4 15.4 Duodenum 

HE3019 Male Caucasian 61 30 89 0.7 15.4 Ileum 

HE3020 Male Caucasian 25 24.8 89 1.2 14.6 Duodenum 

HE3021 Male 
African 

American 
60 20.7 88 0.7 12.9 Duodenum 

HE3027 Female Caucasian 53 36.5 85 1.6 14.4 Duodenum 

HE3028 Male 
African 

American 
34 30.6 86 1.3 15.3 Duodenum 

HE3029 Male Caucasian 41 34.6 85 1.7 13.4 Duodenum 

HE3030 Male 
African 

American 
38 21.1 78 0.7 14.5 

Duodenum 
and 
jejunum 

HE3031 Female Caucasian 49 25.5 86 1 12.5 Duodenum 

HE3032 Female Caucasian 48 27.1 78 1.7 15.3 Duodenum 

HE3033  Male Hispanic 32 21 85 3.7 15.2 
Duodenum 
and 
jejunum 

HE3034 Female Caucasian 53 18.8 95 3.5 17.2 Jujenum 

HE3040 Male 
African 

American 
38 21.1 86 2.5 15.6 

Small 
Intestine 

HE3042 Male Caucasian 60 22.8 85 2 16.2 
Duodenum 
and 
jejunum 

HE3043 Male Caucasian 43 26.3 81 2 15 
Duodenum 
and 
jejunum 
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Table 3.   Drug metabolizing enzyme activities of cryopreserved human enterocytes.  Enterocytes from  

4 male (HE3005, HE3007, HE3008, HE3010) and 4 females (HE3006, HE3009, HE3011, HE3013) were 

pooled and used in the study.  The drug metabolizing enzyme pathways evaluated were:  CYP1A2 

(phenacetin hydroxylation), CYP2A6 (coumarin 7-hydroxylation), CYP2B6 (bupropion hydroxylation), 

CYP2C8 (paclitaxel 6α-hydroxylation), CYP2C9 (diclofenac 4-hydroxylation), CYP2C19 (s-mephenytoin 4-

hydroxylation), CYP2D6 (dextromethorphan hydroxylation), CYP2E1 (chlorzoxazone 6-hydroxylation), 

CYP3A4 (midazolam 1’-hydroxylation (CYP3A4M) and testosterone 6β-hydroxylation (CYP3A4T)), CYP2J2 

(astemizole O-demethylation), UDP-glucuronosyltransferase (UGT; 7-hydroxycoumarin glucuronidation), 

sulfotransferase (SULT; 7-hydroxycoumarin sulfation), and carboxylesterase 2 (CES2; irinotecan 

hydrolysis) activities.  Results are mean and standard deviation (sd) of triplicate determinations. 

Activities for CYP1A2, CYP2A6, CYP2B6, and CYP2D6 were below quantifiable levels (BQL).  NA:  Not 

applicable.  

 

Drug Metabolizing 
Enzyme Pathway 

Specific Activity 
(pmol/min/million 

enterocytes) 

mean sd 

CYP1A2 BQL NA 

CYP2A6 BQL NA 

CYP2B6 BQL NA 

CYP2C8 0.2 0 

CYP2C9 2.0 0.2 

CYP2C19 0.4 0.1 

CYP2D6 BQL NA 

CYP2E1 0.4 0.1 

CYP3A4M 2.8 0.5 

CYP3A4T 19.2 5.8 

CYP2J2 1.6 0.1 

CES2 0.3 0 

UGT 4.5 0.3 

SULT 11.4 0.7 
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Table 4. Drug metabolizing enzyme activities of cryopreserved human enterocytes from 24 donors.  The 

mathematical average (mean) and standard deviation (sd) of the 24 donors are calculated from the 

results of each individual donor.  The drug metabolizing enzyme pathways evaluated were:  CYP2C9 

(diclofenac 4-hydroxylation), CYP2C19 (s-mephenytoin 4-hydroxylation), CYP3A4 (midazolam 1’-

hydroxylation (CYP3A4M) and testosterone 6β-hydroxylation (CYP3A4T)), CYP2J2 (astemizole O-

demethylation), CES (irinotecan hydrolysis), UGT (7-hydroxycoumarin glucuronidation), and SULT (7-

hydroxycoumarin sulfation) activities.  Mean and standard deviation (sd) values of the activities of the 

24 donors are shown at the bottom of the table.  ND:  Not determined. 

Lot Number 
Activity (pmol/min/million enterocytes ) 

CYP2C9 CYP2C19 CYP3A4M CYP3A4T CYP2J2 CES2 UGT SULT 

HE3005 1.68 0.56 2.67 ND 1.2 0.23 8.38 8.72 

HE3006 0.59 0.29 0.13 6.23 0.73 0.33 2.3 2.04 

HE3007 0.91 0.39 0.99 22.7 0.57 0.46 3.08 4.04 

HE3008 0.46 0.68 0.87 NA 0.33 0.55 1.8 1.79 

HE3009 1.18 0.35 0.72 32.1 0.25 0.6 4.32 7.78 

HE3010 1.21 0.62 0.46 17.5 0.99 0.41 2.56 3.32 

HE3011 0.03 0.01 0.09 2.6 0.33 0.29 1.01 1.7 

HE3014 0.44 0.11 0.4 8.2 1.18 0.17 3.55 2.66 

HE3015 2.5 0.49 2.55 ND 0.95 0.51 7.33 5.23 

HE3016 2.05 1.08 0.99 26.7 0.93 0.34 5.71 4.13 

HE3019 0.24 0.11 0.3 5.27 0.26 0.3 1.47 1.89 

HE3020 0.31 0.14 0.49 12.9 0.58 0.59 5.83 1.84 

HE3021 0.2 0.06 0.17 2.97 0.19 0.08 1.49 1.64 

HE3027 2.02 0.31 0.68 25.9 0.76 0.19 3.68 2.69 

HE3028 0.68 0.21 0.82 26 0.71 0.3 3.84 9.02 

HE3029 0.86 0.12 0.59 12.1 0.76 0.08 6.55 3.65 

HE3030 0.26 0.28 0.29 14.9 0.32 0.05 15 8.3 

HE3031 0.34 0.09 0.16 2.95 0.49 0.18 1.6 0.79 

HE3032 1.84 0.81 1.3 43.4 0.82 0.24 5.9 4.5 

HE3033  2.11 1.13 1.03 28.4 0.7 0.11 29.6 14.2 

HE3034 7.93 0.71 4.35 45.2 1.98 0.12 122.6 8.24 

HE3040 0.96 0.78 1.00 32.30 0.30 0.18 23.80 22.00 

HE3042 0.23 0.03 1.66 31.20 1.06 0.06 74.20 8.98 

HE3043 1.39 0.21 0.62 18.80 0.55 0.23 9.13 9.00 

mean 1.27 0.40 0.97 19.92 0.71 0.28 14.36 5.76 

sd 1.59 0.33 0.99 12.99 0.41 0.17 27.74 4.88 
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