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Abstract: Background: We report here an evaluation of a novel experimental system- cofactor-
supplemented permeabilized cryopreserved human enterocytes (MetMax™ cryopreserved human en-
terocytes (MMHE), patent pending) for applications in the evaluation of enteric drug metabolism. A
major advantage of MMHE over Conventional Cryopreserved Human Enterocytes (CCHE) is the sim-
plification of the use procedures including storage at -80°C instead of in liquid nitrogen, and use of the
cells immediately after thawing without a need for centrifugation and microscopic evaluation of cell
density and viability and cell density adjustment.
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Methods: In this study, we compared MMHE and CCHE in key phase 1 oxidation and phase 2 conju-
gation Drug Metabolism Enzyme (DME) activities that we recently reported for cryopreserved human
enterocytes: CYP2C9 (diclofenac 4’- hydroxylation), CYP2C19 (s-mephenytoin hydroxylation),
CYP3A4 (midazolam 1’-hydroxylation), CYP2J2 (astemizole O-demethylation), uridine 5'-diphospho-
glucuronosyltransferase (UGT; 7-hydroxycoumarin glucuronidation), sulfotransferase (SULT; 7-
hydroxycoumarin sulfation), N-acetyl transferase-1 (NAT-1; p-benzoic acid N-acetylation), and car-
boxyesterase-2 (CES-2; hydrolysis of irinotecan to SN38). Both CCHE and MMHE were active in all
the DME pathways evaluated, with specific activities of MMHE ranged from 142% (CYP2C9) to
1713% (UGT) of that for CCHE. B-hydroxylation and testosterone 6.
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Result and Conclusion: Our results suggest that the MMHE system represents a convenient and robust
in vitro experimental system for the evaluation of enteric drug metabolism.
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1. INTRODUCTION Besides permeability and transporter-mediated uptake
and efflux, enteric drug metabolism is also known to be a
major determinant of bioavailability [4-6]. Drugs with
bioavailability affected by gut wall metabolism include m-
octopamine [7], chlorpheniramine [8], terbutaline [9], cy-
closporine [10], verapamil [11], tacrolimus [12, 13], midazo-
lam [14], and rifampin [15]. The commonly used in vitro
experimental systems such as PAMPA and Caco-2 systems

lack enteric drug metabolism enzymes and therefore would

As oral administration represents the most preferred route
of drug administration, assessment of oral bioavailability is a
key activity in drug development. /n vitro evaluation of oral
availability is routinely performed to allow the selection of
new chemical entities for further development. The most
commonly used in vitro experimental models for the assess-
ment of oral bioavailability include the Parallel Artificial

Membrane Permeability Assay (PAMPA) [1] which models
permeability across lipid bilayers, and the colon carcinoma
cell line (Caco-2) [2, 3] transwell culture which models per-
meability, uptake transport, and efflux transport across a
monolayer cell layer.
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not be useful in the assessment of the potential roles of en-
teric drug metabolism on the oral bioavailability.

In our laboratory, efforts have been initiated to develop
physiologically relevant in vitro experimental systems for
the evaluation of human enteric drug metabolism. Our re-
search efforts led to the establishment of procedures for iso-
lation and cryopreservation of enterocytes from human small
intestine to retain viability as well as active drug metaboliz-
ing enzyme pathways including cytochromes P450 isoforms
(CYP2C9, CYP2C19, CYP3A4, and CYP2J2), Uridine 5'-
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diphospho-Glucuronosyltransferase (UGT), Sulfotransferase
(SULT), and Carboxylesterase (CES) [16]. We believe that
cryopreserved enterocytes have the potential to be used for
the assessment of enteric uptake, metabolism and efflux
similar to the application of cryopreserved hepatocytes for
the assessment of these key hepatic drug properties [17-20].

Another effort of our research activities is to develop ex-
perimental systems with intact cells to enhance the efficiency
and robustness of the experimental systems. The use of intact
cells such as cryopreserved hepatocytes and cryopreserved
enterocytes in general require dedicated laboratories to in-
clude liquid nitrogen storage, centrifugation and microscopic
equipment for quantification of cell number and viability, as
well as personnel with expertise in cell handling to avoid
complications of experimental results due to cellular damage
during the performance of the study. Our research effort has
led to the establishment of permeabilized, cofactor supple-
mented cryopreserved hepatocytes (MetMax™ cryopre-
served hepatocytes) which have the advantages over conven-
tional cryopreserved hepatocytes as they can be stored and
use similar cell free fractions such as microsomes and S9,
but with advantages over cell-free fractions in the full com-
plement of phase I and II drug metabolizing enzyme path-
ways as that in conventional cryopreserved hepatocytes [21].

We have subsequently adopted the procedures for Met-
Max™ hepatocytes for the preparation of permeabilized, co-
factor supplemented cryopreserved human enterocytes
(MetMax™ cryopreserved human enterocytes; MMHE). We
report here a comparison of Conventional Cryopreserved
Human Enterocytes (CCHE) and MMHE in enteric drug
metabolizing enzyme activities.

2. MATERIALS AND METHODS

2.1. Chemicals

Astemizole, irinotecan hydrochloride, diclofenac sodium
salt, 7-ethyl-10-hydroxycamptothecin (SN38), 4-
hydroxydiclofenac, s-mephenytoin, and testosterone were
purchased from Cayman Chemical (Ann Arbor, MI). 7-
Hydroxycoumarin was purchased from Chem Service (West
Chester, Pennsylvania). 7-Hydroxycoumarin sulfate potas-
sium salt was obtained from Santa Cruz Biotechnology (Dal-
las, Texas). Coumarin, 6B-hydroxytestosterone, 7-
hydroxycoumarin B-D-glucuronide sodium salt, (2S, 3S)-
hydroxy were purchased from Sigma-Aldrich (St. Louis,
MO). Midazolam, 1'-hydroxymidazolam, O-desmethyl
astemizole, and 4-hydroxy-S-mephenytoin were obtained
from Toronto Research Chemicals (Toronto, Canada).

2.2. Preparation of Pooled Donor Cryopreserved Human
Enterocytes as CCHE and MMHE

Cryopreserved human enterocytes from 10 individual
donors were recovered, pooled and divided into two groups,
with one group re-cryopreserved using the conventional pro-
cedures as CCHH and stored in liquid nitrogen, and another
group permeabilized with a proprietary procedure (patent
pending) and cryopreserved as MMHE at 2 x 10° entero-
cytes/mL and stored at a -80°C freezer.
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2.3. 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% CO,. For CCHE, the enterocytes were
recovered as described above, with cell density adjusted to
3 x 10° cells/ml in HQM™ for subsequent incubation with
the designated substrates. MMHE were thawed for used
directly for substrate incubations, with a final cell density
of 3 x 10° cells/ml. Incubations were performed by adding
aliquots of 50 pl of the CCHE or MMHE cell suspensions
to individual wells 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 ul of pre-warmed (37°C) HQM™
containing DME substrates at 2x final concentration and
incubated for 1 hour. The final incubation mixture in each
well, therefore, had a volume of 100 pl, with a cell density
of 1.5 x 10° cells/ml for CCHE and 1.0 x 10° cells/ml for
MMHE. Metabolism was terminated in each well by the
addition of 100 pl acetonitrile. The final incubation sam-
ples were stored at -80°C for the subsequent LC/MS-MS
analysis as previously reported [16]. The metabolism sub-
strates used, identities of the metabolites quantified, and
LC/MS-MS parameters are shown in Table 2.

2.4. Data Analysis

Data are presented as mean and standard deviation of
triplicate incubations derived using the Microsoft Excel 6.0
software. Statistical analysis was performed using student’s
t-test with the Microsoft Excel 6.0 software, with the prob-
ability of p<0.05 to be considered statistically significant.
Specific activity (pmole/min/million hepatocytes) of each
drug metabolizing enzyme pathway was determined by di-
viding the total metabolite formed by the incubation time
and normalized to cell concentration.

3. RESULTS
3.1. Donor Demographics

The race, gender and age of the donors of the small intes-
tines used for the generation of enterocytes for this study are
shown in Table 1. There were 5 male and 5 female donors
with ages ranged from 32 to 60 years old. There were 7 Cau-
casian, 2 African American, and 1 Hispanic donors.

3.2. Drug Metabolizing Enzyme A ctivities

The activities of key enteric drug metabolizing enzymes:
CYP2C9, CYP2C19, CYP3A4, CYP2J2, UGT, SULT, and
CES2 were evaluated in MMHH and CCHH. Our results
show that both experimental systems were active in the me-
tabolism of the following pathway-selective substrates. A
comparison of the specific metabolic activities of MMHH
and CCHH for the metabolic pathways evaluated is shown in
Fig. (1) and Table 3. Substrates for the multiple drug me-
tabolism pathways evaluated are shown in Table 2. Results
with are as follows:

e CYP2C9: CYP2C9 activity was evaluated by quanti-
fying the formation of 4-OH diclofenac from di-
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Table 1. Demographics of the human donors for the enterocytes used in the study. Each lot represent enterocytes isolated and
cryopreserved from a single donor. These cryopreserved enterocyte lots were thawed, pooled, and re-cryopreserved as ei-
ther conventional cryopreserved human enterocytes (CCHE) or as MetMax™ cryopreserved enterocytes (MMHE) for
the study.

Lot No. Gender Race Age (Years)
HE3031 F C 49
HE3032 F C 48
HE3006 F C 44
HE3027 F C 53
HE3011 F C 50
HE3021 M AA 60
HE3019 M C 61
HE3028 M AA 34
HE3033 M H 32
HE3010 M C 47

Table2. 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/z 269.1 to 105.9 for positive mode and negative mode, respec-
tively. The concentrations used for each substrate is as indicated. The total incubation time was 1 hour.

Drug Metabolizing Substrate and Concentrations Marker Metabolite Analyzed fon M‘",ie Mass Tfans.itions
Enzymes Application Monitoring

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

CYP2C19 S-Mephenytoin (250 pM) 4-Hydroxy-S-Mephenytoin Positive m/z235.2 to 150.0

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

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

CYP2J)2 Astemizole (50 pM) O-Demethylastemizole Positive m/z 445.0 to 204.2

UGT 7-Hydroxycoumarin (100 pM) 7-Hydroxycoumarin Glucuronide Negative m/z 336.9 to 160.9

SULT 7-Hydroxycoumarin (100 pM) 7-Hydroxycoumarin Sulfate Negative m/z240.9 to 161.0

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

clofenac. The specific activity (pmole/min/10° cells)
of MMHH was 5.78 + 1.13 which was 142% of that
of CCHE.

CYP2C19: CYP2C19 activity was evaluated by quan-
tifying the formation of 4-OH S-mephenytoin from S-
mephenytoin. The specific activity (pmole/min/10°
cells) of MMHH was 3.36 + 0.32which was 612% of
that of CCHE.

CYP3A4: CYP3A4 activity was evaluated by quanti-
fying the formation of 1-OH-midazolam from mida-
zolam and 6B-OH-testosterone from testosterone. The
specific activity (pmole/min/10° cells) of MMHH was
4.23 + 1.22 for midazolam 1-hydroxylation and 147 +

14.5 for testosterone 6B-hydroxylation, which were
349% and 1386%, respectively of that of CCHE.

CYP2J2: CYP2J2 activity was evaluated by quantify-
ing the formation of O-demethyl astemizole from
astemizole. The specific activity (pmole/min/10°
cells) of MMHH was 5.63 + 1.53 which was 614% of
that of CCHE.

UGT: UGT activity was evaluated by quantifying the
formation of 7-hydroxycoumarin glucuronide from 7-
hydroxycoumarin. The specific activity
(pmole/min/10° cells) of MMHH was 275 + 79.5
which was 1713% of that of CCHE.
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Fig. (1). A comparison of MetMax™ cryopreserved human enterocytes (MMHE; filled bars) and conventional cryopreserved human entero-

cytes (CCHE; open bars) in drug metabolizing enzyme activities.

Table 3.

A comparison of conventional cryopreserved human enterocytes (CCHE) and MetMax™ cryopreserved human entero-

cytes (MMHE) in the activities of various drug metabolizing enzyme pathways. CYP3A4 activity was evaluated using mi-
dazolam (CYP3A4-1) and testosterone as (CYP3A4-2) substrates. Mean and standard deviations (sd) of triplicate samples
are shown. *: activity observed with MMHE that are statistically significant (p<0.05) to be different from that for CCHE.
MMHE/CCHE ratio was calculated using the following equation: Activity (MMHE)/Activity (CCHE) x 100%.

Metabolite Activity (pmole/10°/min)
Drug Metabolism Enzyme Substrate Marker Metabolite MMHE/CCHE
CCHE MMHE
Ratio (%)

CYP2C9 Diclofenac 4-OH Diclofenac 4.05+0.16 578 +£1.13* 142%
CYP2C19 S-Mephenytoin 4-OH S-Mephenytoin 0.55+0.03 3.36 £ 0.32% 610%
CYP3A4-1 Midazolam 1-OH-midazolam 1.21+0.03 423 +£1.22% 349%
CYP3A4-2 Testosterone 6BOH-testosterone 10.6 £3.3 147 + 14.5* 1386%
CYP2J2 Astemizole O-Demethyl Astemizole 0.92+0.43 5.63 £1.53* 614%
UGT 7-OH-Coumarin 7-Hydroxycoumarin Glucuronide 16.05+£0.32 275 +£79.5% 1713%
SULT 7-OH-Coumarin 7-Hydroxycoumarin Sulfate 7.24+0.34 13 £ 0.69* 179%
CES2 Irinotecan SN38 0.37+0.14 0.38£0.27 102%

e SULT: SULT activity was evaluated by quantifying
the formation of 7-hydroxycoumarin sulfate from 7-
hydroxycoumarin. The specific activity
(pmole/min/10° cells) of MMHH was 13 = 0.69 which
was 179% of that of CCHE.

e CES-2: CES-2 activity was evaluated by quantifying
the formation of SN38 from irinotecan. The specific
activity (pmole/min/10° cells) of MMHH was 0.38 +
0.27 which was similar (102%) to that of CCHE.

The results show that MMHE were active in all drug me-
tabolizing enzymes evaluated, with activities similar (CES-
2) or higher (CYP2C9, CYP2C19, CYP3A4, CYP2J2, UGT,
SULT) than that for CCHE.

4. DISCUSSION

We recently reported a novel experimental system in
which human hepatocytes are permeabilized followed by
cryopreservation (MetMax™ cryopreserved human hepato-
cytes (MMHH); patent pending). MMHH was found to have
similar drug metabolizing enzyme activities as conventional
cryopreserved human hepatocytes, but with advantages in
the simplified use procedures including storage at -80 deg.,
and use directly after thawing without centrifugation and
microscopic examination. We report here the adaptation of
this approach towards cryopreserved human enterocytes to
allow similar advantages in the use of cryopreserved human
enterocytes in the evaluation of enteric drug metabolism.
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A comparison of MMHE and CCHE in the activities of
key drug metabolizing enzyme pathways showed no appar-
ent deficiencies in these activities in MMHE. Both experi-
mental systems were competent in the phase 1 oxidation and
phase 2 conjugation drug metabolizing enzyme pathways
evaluated, with most activities observed in MMHE higher
than that for CCHE. The following is a summary of the ac-
tivities in MMHE as percentages of that for CCHE, in de-
scending order:

UGT (1713%), CYP3A4 (testosterone 6b-hydroxylation;
1386%), CYP2J2 (614%), CYP2C19 (610%), CYP3A4 (Mi-
dazolam 1’-hydroxylation; 349%), SULT (179%), CYP2C9
(142%), and CES2 (102%).

The results, therefore, suggest that MMHE represent a
robust experimental system for the evaluation of enteric drug
metabolism. As MMHE were derived from the CCHE,
thereby containing the same enterocytes, the differences are
attributed to the cofactors that were supplemented. In our
laboratory, efforts are underway to determine whether the
comparative relevance of the drug metabolism enzyme ac-
tivities of CCHE and MMHE activity to in vivo enteric drug
metabolism.

Our experimental findings suggest that MMHE may rep-
resent a convenient enterocyte-based experimental system
that can be used for the evaluation of enteric drug metabo-
lism. An initial study using MMHE in the evaluation of
metabolic stability and metabolite profiling showed promis-
ing results with drugs known to be subjected to a variety of
DME [22].

As described previously for MetMax™ cryopreserved
human hepatocytes [21], ease of use is a major advantage for
MMHE over CCHE, especially for analytical chemists as
experimental procedures such as storage in liquid nitrogen,
centrifugation for cell recovery after thawing, and micro-
scopic examination for cell number and viability quantifica-
tion are not required. The strengths of MMHE as an in vitro
experimental system, therefore, include the convenience of
use and the robust drug metabolizing enzyme activities.
However, intact enterocytes remain valuable for the evalua-
tion of drug properties that require intact plasma membranes
and function gene expression and protein synthesis such as
uptake and efflux transport, enzyme induction, and entero-
toxicity. We have recently developed a Cryopreserved Hu-
man Intestinal Mucosa (CHIM) system which can be used to
evaluate most, if not all of the above-mentioned enteric drug
properties [23]. The MMHE system reported here should
complement the intact cryopreserved enterocytes [16] and
the Cryopreserved Intestinal Mucosa (CHIM) [23] as in vitro
experimental systems for investigations on enteric drug
properties.
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