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ABSTRACT

We evaluated the long-term stability of hepatocytes stored in the
vapor phase of liquid nitrogen for their viability, cytochrome P450
(CYP) 1A2 activity, CYP3A4/5 activity, uridine diphosphate-glucuronosyl
transferase (UGT) activity, sulfotransferase (SULT) activity, andCYP3A4/5
induction during 14 years of preservation. No substantial degrada-
tion of viability, CYP1A2 activity, UGT activity, or CYP3A4/5 induction
was observed. CYP3A4/5 activity showed a slight decrease after

7 years of storage, and SULT activity gradually decreased during
storage, althoughsubstantial activities remainedevenafter 14 years.
These results indicate that cryopreserved human hepatocytes can
be stored stably for more than a decade with little or no change in
viability, activity of drug-metabolizing enzymes, or CYP3A4/5 in-
duction, and can be widely applicable to qualitative research in drug
metabolism.

Introduction

The metabolic enzymes in the liver are important in the excretion of
drugs, toxic substances, and other xenobiotics from the body (Gonzalez,
1988). Understanding the metabolism of a drug candidate is important
for estimating individual differences in clinical efficacy or potential
adverse effects since many of the differences are caused by individual
differences in specific pathways or activities in the metabolism of drug
candidates. Wide species differences have been reported in the character-
istics of metabolic enzymes (Martignoni et al., 2006), and thus enzymes
prepared using human material should be used to evaluate metabolism in
humans. Primary hepatocytes provide a complete set of phase I and II drug-
metabolizing enzymes, aswell as several transporters and cofactors, and are
therefore a highly attractive tool for evaluating metabolism, active trans-
port, and enzyme induction (Soars et al., 2007). Cryopreserved primary
hepatocytes are commercially available at any time on demand, but their
stability during storage is certified for only up to 6 months (Li et al., 1999;
Rialland et al., 2000). In this study, we used only limited lots of hepatocytes
owing to the limited availability of cryopreserved hepatocytes at the starting
point of the study. We confirmed the stability of the viability, metabolic
enzyme activity, and CYP3A4/5 induction of cryopreserved human
hepatocytes stored for 14 years after preparation.

Materials and Methods

Cryopreserved Human Hepatocytes. All cryopreserved hepatocytes were
purchased fromBioreclamation IVT (Baltimore, MD). Lot no. 69 was prepared in
1998 from a 69-year-old Caucasian female, lot no. 77was prepared in 1998 from a
58-year-old Caucasian male, and lot no. 88was prepared in 1998 from an 84-year-
old Caucasian female. Lot no. 69 and lot no. 77 were used for enzyme activity
analysis, and lot no. 88 was used for CYP3A4/5 induction assay.

Reagents. Dulbecco’s modified Eagle’s medium (DMEM), Leibovitz’s L-15
medium, 200 mM glutamine and fetal bovine serum (FBS) were obtained from
Thermo-Fisher Scientific (Carlsbad, CA). Long Term Culture Medium was ob-
tained from Biopredic International (Saint Grégoire, France). All other reagents and
chemicals were of the highest quality obtainable from commercial sources.

Thawing and Seeding of Cryopreserved Human Hepatocytes. For the
enzyme activity analysis, cryopreserved hepatocytes were thawed and suspended
in DMEM using a previously reported procedure (Li et al., 1999) with minor
modifications. The hepatocyte suspension was seeded at a density of 3.0 � 105

viable cells/0.5 ml per well in 24-well plates.
For the induction study, hepatocytes were thawed in a water bath at 37�C and

suspended in Leibovitz’s L-15 medium containing 10% FBS and 0.5 g/liter
glucose. The hepatocyte suspension was centrifuged at 55g for 3 minutes, and the
hepatocytes were resuspended in Long Term Culture Medium containing 10%
FBS. The hepatocyte suspension was seeded at a density of 6.0 � 105 viable
cells/1 ml per well in 12-well collagen-coated plates.

Measurement of Viability. Trypan blue (0.15% to 0.2%) was added to the
hepatocyte suspension, and the viability of the cells was determined as the per-
centage of cells, excluding the dye compared with the total cell number.

Measurement of CYP3A4/5 Activity. Testosterone 6b-hydroxylation activ-
ity was measured to determine the CYP3A4/5 activity. Testosterone (50mM)was
added to each hepatocyte suspension and incubated for 1 hour under 5% CO2 at
37�C. After incubation, the hepatocyte suspension was extracted by ethyl acetate
and the extracted fraction was dried and resuspended in methanol/ultrapure water
(1:1). This solution was subjected to high-performance liquid chromatography
(HPLC) with a TSKgel ODS120T (5mm, 250� 4.6 mm i.d.; Tosoh Corporation,
Tokyo, Japan) and a UV detector (254 nm). All experiments were performed in
duplicate.

Measurement of 7-Ethoxycoumarine Metabolic Activity. The metabolic
activity of 7-ethoxycoumarine (7-EC) was evaluated as a marker for CYP1A2
activity, and 7-hydroxycoumarine glucuronide (7-HCG) and 7-hydroxycoumarine
sulfate (7-HCS) formation through 7-hydroxycoumarine (7-HC) were analyzed
to determine glucuronidation and sulfation activity, respectively. 7-EC (75 mM)
was added to the hepatocyte suspension and incubated for 4 hours under 5% CO2

at 37�C. The reaction was terminated by freezing at 230�C. After thawing, thehttps://doi.org/10.1124/dmd.117.075234.

ABBREVIATIONS: CYP, cytochrome P450; DMEM, Dulbecco’s Modified Eagle medium; 7-EC, 7-ethoxycoumarine; FBS, fetal bovine serum; 7-HC, 7-
hydroxycoumarine; 7-HCG, 7-hydroxycoumarine glucuronide; 7-HCS, 7-hydroxycoumarine sulfate; HPLC, high-performance liquid chromatography;
iPSC-HHs, inducible pluripotent stem cells into human hepatocyte-like cells; SULT, sulfotransferase; UGT, uridine diphosphate glucuronosyltransferase.
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hepatocyte suspension was centrifuged at 1500g for 10 minutes, and the supernatant
was subjected toHPLCwith a SUPERCOSILLC-8 (5mm, 50� 4.6mm i.d.; Sigma-
Aldrich) and a UV detector (325 nm) (Hiller and Cole, 1995). Each study was
performed in duplicate.

Evaluation of CYP3A4/5 Induction Activity. The hepatocytes were cultured
with FBS for 1 day to induce attachment to the plates and then for 3 days without
FBS for stabilization in Long Term Culture Medium under 5% CO2 at 37�C.
Then, the hepatocytes were treated with Long Term Culture Medium containing
rifampin (10 mM) for 3 days. The rifampin-containing media was changed every
day. After treatment with rifampin, the hepatocytes were rinsed with fresh media
and incubated with media containing testosterone (250 mM) for 2 hours, and the
formation of 6b-hydroxytestosterone was analyzed by HPLC as described in the
Measurement of CYP3A4/5 Activity section).

Results and Discussion

Human hepatocytes are widely used to evaluate drug metabolism,
active transport, and enzyme induction (Sahi et al., 2010), and they are
also used for evaluation of drug-induced liver injury. HepG2, HepaRG,

and inducible pluripotent stem cells into human hepatocyte-like cells
(iPSC-HHs) are used to evaluate drug metabolism and hepatotoxicity
(Krueger et al., 2014; Saito et al., 2016); however, HepG2 and HepaRG
are poor for detection of hepatotoxicity because of their limited function
and production of metabolic enzymes. iPSC-HHs would be an ideal
research tool, but production of cells possessing complete hepatocyte
function is exceedingly difficult, although further progress is expected.
Cryopreserved hepatocytes that have been stored stably in the vapor
phase of liquid nitrogen can be transported over long distances more
easily and can be used at any time the need arises. In this series of
studies, we evaluated the stability of human primary hepatocytes during
cryopreservation for longer than a decade as a tool for investigation of
drug metabolism.
Viability, as evaluated by the trypan blue exclusion method (McLimans

et al., 1957), did not change during the 14 years of storage in any of the three
lots of hepatocytes (Fig. 1), indicating that the integrity of the cytoplasmic
membrane was sustained during storage.
CYP1A2 and CYP3A4/5 are localized in the microsomal membrane

(Gonzalez, 1988). A slight decrease in CYP3A4/5 activity was observed
after 8 years compared with activity evaluated in the first 7 years, but the
residual activity ratio at 14 years, compared with that at 7 years, was
about 75% (Fig. 2). 7-EC ismetabolized to 7-HC byCYP1A2, and 7-HC
is subsequently metabolized to 7-HCG byUGT and to 7-HCS by SULT.
The total amount of 7-HC, 7-HCG, and 7-HCS, which indicates the
actual 7-HC formation activity, did not decrease after 14 years (Fig. 3).

Fig. 1. Annual changes in viability of human hepatocytes. Viability was determined
by the trypan blue exclusion method. The viability of lot no. 69 and lot no. 77 was
determined based on a single result for each storage period, and the viability of lot
no. 88 was determined based on the mean values of several results (1, 2, 2, 7, 3, 11,
5, 7, 5, 1, and 1 results at years 3, 5, 7, 8, 9, 10, 11, 12, 13, 14, and 16 years,
respectively). The data for each time point are expressed as the mean values of eight
separate counts, performed using hemocytometers. The viability of lot no. 69 is
shown with closed circles, lot no. 77 with open circles, and lot no. 88 with open
triangles.

Fig. 2. Annual changes in CYP3A4/5 activity of human hepatocytes. CYP3A4/5
activity was measured by testosterone 6b-hydroxylation activity. The data are expressed
as mean values of duplicate incubation results. Colors represent the CYP3A4/5
activity of lot no. 69 (gray) and lot no. 77 (black). ND, not determined.

Fig. 3. Annual changes in 7-EC metabolic activity. The graph shows formation of
the total metabolites of 7-EC (7-HC, 7-HCG, and 7-HCS) in lot no. 69 (A) and lot
no. 77 (B). The data are expressed as mean values of duplicate incubation results.
Colors represent the 7-EC metabolic activity of 7-HC (black), 7-HCG (gray), and
7-HCS (white). ND, not determined.
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Formation of 7-HCG and 7-HCS from 7-HC were analyzed as
markers for the activity of UGT and SULT, respectively (Fig. 4). UGTs
are located in the microsomal membrane, and SULTs are located in the
cell cytoplasm. UGT activity, expressed as the ratio of the 7-HCG
concentration to the 7-HC concentration (7-HCG/7-HC), was main-
tained during the 14 years of preservation (Fig. 4); however, SULT
activity, expressed as the ratio of the 7-HCS concentration to the 7-HC
concentration (7-HCS/7-HC), showed a clear tendency to decrease (Fig.
4), and this finding was consistent with reports that the SULT activity in
rat hepatocytes was decreased by cryopreservation (Utesch et al., 1992).

CYP3A4/5 induction, which is triggered by pregnane X receptor
activation (Chai et al., 2013), was not changed during preservation,
and CYP3A4/5 activity after rifampin treatment was maintained at a
high level throughout preservation (Fig. 5), indicating that DNA to
RNA transcription and subsequent protein synthesis were maintained,
to deliver a sufficient amount of CYP3A4/5 enzyme.
These results demonstrate the survival of hepatocytes for more than a

decade. It should be noted that this study was performed only in limited
lots of hepatocytes. This practical information concerning long-
term hepatocyte stability should lead to improvements in the use of
cryopreserved hepatocytes, which are an excellent tool for qualitative
evaluation of drug metabolism and metabolism mediated drug-drug
interactions.

Drug Metabolism and
Pharmacokinetics Research
Laboratories, Pharmaceutical
Research Division, Takeda
Pharmaceutical Company Limited,
Kanagawa, Japan

MIYAKO SUDO
MITSUHIRO NISHIHARA

JUNZO TAKAHASHI

SATORU ASAHI

Authorship Contributions
Participated in research design: Sudo, Takahashi, Asahi.
Conducted experiments: Sudo, Nishihara.
Performed data analysis: Sudo, Takahashi.
Wrote or contributed to the writing of the manuscript: Sudo, Nishihara,

Takahashi, Asahi.

References

Chai X, Zeng S, and Xie W (2013) Nuclear receptors PXR and CAR: implications for drug
metabolism regulation, pharmacogenomics and beyond. Expert Opin Drug Metab Toxicol 9:
253–266.

Gonzalez FJ (1988) The molecular biology of cytochrome P450s. Pharmacol Rev 40:243–288.
Hiller DL and Cole RO (1995) Short-column gradient elution high-performance liquid chroma-
tography for the rapid determination of 7-ethoxycoumarin metabolites in liver-slice incubates.
Anal Biochem 227:251–254.

Krueger W, Boelsterli UA, and Rasmussen TP (2014) Stem cell strategies to evaluate idiosyncratic
drug-induced liver injury. J Clin Transl Hepatol 2:143–152.

Li AP, Lu C, Brent JA, Pham C, Fackett A, Ruegg CE, and Silber PM (1999) Cryopreserved
human hepatocytes: characterization of drug-metabolizing enzyme activities and applications in
higher throughput screening assays for hepatotoxicity, metabolic stability, and drug-drug in-
teraction potential. Chem Biol Interact 121:17–35.

Martignoni M, Groothuis GM, and de Kanter R (2006) Species differences between mouse, rat,
dog, monkey and human CYP-mediated drug metabolism, inhibition and induction. Expert Opin
Drug Metab Toxicol 2:875–894.

McLIMANS WF, Davis EV, Glover FL, and Rake GW (1957) The submerged culture of mam-
malian cells; the spinner culture. J Immunol 79:428–433.

Rialland L, Guyomard C, Scotte M, Chesné C, and Guillouzo A (2000) Viability and drug me-
tabolism capacity of alginate-entrapped hepatocytes after cryopreservation. Cell Biol Toxicol 16:
105–116.

Sahi J, Grepper S, and Smith C (2010) Hepatocytes as a tool in drug metabolism, transport and
safety evaluations in drug discovery. Curr Drug Discov Technol 7:188–198.

Saito J, Okamura A, Takeuchi K, Hanioka K, Okada A, and Ohata T (2016) High content analysis
assay for prediction of human hepatotoxicity in HepaRG and HepG2 cells. Toxicol In Vitro 33:
63–70.

Soars MG, McGinnity DF, Grime K, and Riley RJ (2007) The pivotal role of hepatocytes in drug
discovery. Chem Biol Interact 168:2–15.

Utesch D, Diener B, Molitor E, Oesch F, and Platt KL (1992) Characterization of cryopreserved rat
liver parenchymal cells by metabolism of diagnostic substrates and activities of related enzymes.
Biochem Pharmacol 44:309–315.

Address correspondence to: Miyako Sudo, Drug Metabolism and Pharmacoki-
netics Research Laboratories, Pharmaceutical Research Division, Takeda
Pharmaceutical Company Limited, 26-1, Muraoka-Higashi 2-chome, Fujisawa,
Kanagawa 251-8555, Japan. E-mail: miyako.sudo@takeda.com

Fig. 5. Annual changes in CYP3A4/5 induction activity of human hepatocytes.
The graph shows CYP3A4/5 activity in hepatocytes treated with 10 mM rifampin
or 0.1% DMSO as a control for 3 days. CYP3A4/5 activity was measured by
testosterone 6b-hydroxylation activity. Testosterone 6b-hydroxylation activity is
expressed as the mean or where error bars are shown as the mean 6 S.D., calculated
based on individual data for a number of tests (1, 2, 2, 7, 3, 11, 5, 7, 5, 1, and 1 for
years 3, 5, 7, 8, 9, 10, 11, 12, 13, 14, and 16, respectively). The activity after
treatment with rifampin is shown with closed circles and the control is shown with
open circles.

Fig. 4. Annual changes of glucuronidation and sulfation activity of 7-HC. The
graph shows the ratio of 7-HCG formation to 7-HC formation and the ratio of
7-HCS formation to 7-HC formation from 7-EC through 7-HC. The data are ex-
pressed as mean values of duplicate incubation results. The UGT activity of lot no. 69
is shown with closed circles and lot no. 77 with open circles. The SULT activity of
lot no. 69 is shown with closed triangles and lot no. 77 with open triangles.
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