
Correspondence: Kenta Mizoi (E-mail: k-mizoi@takasaki-u.ac.jp)

Usefulness and limitations of mRNA measurement in 
HepaRG cells for evaluation of cytochrome P450 induction

Kenta Mizoi1, Yuuki Fukai1, Eiko Matsumoto1, Satoshi Koyama1,2, Seiichi Ishida3,  
Hajime Kojima3 and Takuo Ogihara1,4 

 
1Faculty of Pharmacy, Takasaki University of Health and Welfare, 60, Nakaorui-machi, Takasaki, Gunma 370-0033, Japan

2RIKEN Cluster for Science, Technology and Innovation Hub, 1-7-22, Suehiro-cho, Tsurumi, Yokohama,  
Kanagawa 230-0045, Japan

3Biological Safety Research Center, National Institute of Health Sciences, 3-25-26, Tono-machi, Kawasaki-ku,  
Kawasaki, Kanagawa 210-9501, Japan

4Graduate School of Pharmaceutical Sciences, Takasaki University of Health and Welfare, 60, Nakaorui-machi, 
Takasaki, Gunma 370-0033, Japan

 
(Received December 20, 2019; Accepted December 25, 2019)

 
ABSTRACT — Cytochrome P450s (CYPs) are involved in the metabolism of various drugs, and may 
generate toxic metabolites or intermediates that result in drug-induced liver injury (DILI). Consequently, 
inducers of CYPs may promote DILI. In a draft test guideline, the Organisation for Economic Co-opera-
tion and Development (OECD) recommends measurement of the metabolic activity of CYP as an index 
for assessing CYP-inducing activity. However, change of mRNA level has also been used as a simple 
parameter to evaluate CYP induction. In this study, therefore, we examined the usefulness and limitations 
of mRNA expression measurement for evaluation of the induction of CYP1A2, CYP2B6, and CYP3A4 
by omeprazole, phenobarbital, and rifampicin (RIF), respectively, in HepaRG cells, a well-established cell 
line derived from human hepatocellular carcinoma. The results of mRNA measurement correlated well 
with the results of metabolic activity measurement in the lower concentration ranges for all inducers, even 
though we observed significant decreases in albumin and urea secretion in the presence of 10 µM RIF, 
reflecting its known hepatotoxicity. Our results indicate that mRNA measurements and metabolic activity 
measurements in HepaRG cells generally give comparable results for fold-induction of CYPs.
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INTRODUCTION

Metabolic enzymes, such as cytochrome P450s 
(CYPs), play an important role in drug metabolism in 
the human liver, but may also be involved in causing 
drug-induced liver injury (DILI) (Corsini and Bortolini, 
2013; Giri et al., 2010; Lammert et al., 2010). Therefore, 
changes in the function of CYPs, particularly induction, 
may affect the incidence of DILI, because drug toxicity 
might be caused by drugs in their unchanged form and/or 

by their metabolites (Gómez-Lechón et al., 2016; Mizuno 
et al., 2009; Yokoyama et al., 2018). Therefore, screening 
of drugs or drug candidates for induction of CYPs is an 
important part of the process of new drug development.

The Organisation for Economic Co-operation and 
Development (OECD) is an international organization 
that aims to provide internationally agreed methodology 
for assessing the safety of chemicals. When using in vit-
ro systems to study induction of CYPs, the U.S. Food and 
Drug Administration (FDA) recommend that CYP1A2, 

Vol. 7 No. 1

9

Fundamental Toxicological Sciences
URL : http://www.fundtoxicolsci.org/index_e.html

Fundamental Toxicological Sciences (Fundam. Toxicol. Sci.)

Letter

Vol.7, No.1, 9-14, 2020



CYP2B6, and CYP3A4/5 should be individually evalu-
ated (FDA, 2017). In addition, the European Medicines 
Agency (EMA), FDA and Pharmaceuticals and Med-
ical Devices Agency (PMDA) recommend measuring 
not only enzyme activity but also mRNA levels for the 
evaluation of CYP induction (EMA, 2012; FDA, 2017; 
PMDA, 2019). However, the OECD has proposed a draft 
test guideline that requires measurement of only the met-
abolic activity of CYP as an index for assessing CYP-in-
ducing activity (OECD, 2019).

Since mRNA expression is simple to measure, we set 
out in this study to examine the usefulness and limita-
tions of mRNA expression measurement for the evalua-
tion of CYP-inducing activities, and its correlation with 
activity measurement. Omeprazole (OPZ), phenobarbi-
tal (PHB), and rifampicin (RIF) were selected as inducers 
of CYP1A2, CYP2B6, and CYP3A4, respectively, and 
HepaRG cells, a well-established cell line derived from 
human hepatocellular carcinoma, were chosen as an in 
vitro model system.

MATERIALS AND METHODS

Materials
Differentiated HepaRG® cells (cryopreserved; Lot No. 

HPR116240-TA12, HPR116292-TA12), Basal hepat-
ic cell medium, HepaRG® serum-free Induction Medi-
um Supplement with antibiotics, and HepaRG® Thawing/ 
Plating/General Purpose Medium Supplement with anti-
biotics were purchased from Biopredic International 
(Rennes, France). Williams’ Medium E was purchased 
from Gibco (MA, USA). Collagen I Cellware 48-well 
plates were purchased from Corning (NY, USA). Aceta-
minophen was purchased from Sigma-Aldrich (Missouri,  
USA). Bupropion, chlorpropamide, midazolam and RIF 
were purchased from FUJIFILM Wako Pure Chemical 
Corporation (Osaka, Japan). Hydroxybupropion was pur-
chased from Cayman Chemical Company (MI, USA), 
1’-hydroxymidazolam from Bertin Bioreagent (Yvelines, 
France), and MTT from Dojindo (Kumamoto, Japan). 
OPZ, phenacetin and PHB were purchased from Tokyo 
Chemical Industry (Tokyo, Japan). All other reagents and 
solvents were commercial products of analytical grade.

Culture of cryopreserved differentiated HepaRG 
cells and induction of CYPs

Medium 670 was prepared by adding HepaRG®  
Thawing/Plating/General Purpose Medium Supplement 
with antibiotics to Basal hepatic cell medium. Medium 
650 was prepared by adding HepaRG® serum-free Induc-
tion Medium Supplement with antibiotics to Basal hepat-

ic cell medium. Media were stored at 4°C.
Cryopreserved differentiated HepaRG cells were stored 

in liquid nitrogen until use, then immediately immersed 
in a water bath pre-warmed to 37°C. They were decant-
ed into Medium 670, centrifuged at 400 × g for 2 min at 
room temperature, and resuspended in new Medium 670. 
Viability was assessed by trypan blue exclusion, and sus-
pensions with viability of over 80% were used. These 
were seeded at a density of 16 × 104 cells/well on 48-well 
plates (Day 0), and cultured in a humidified atmosphere 
of 5% CO2 in air at 37°C. After 6 hr, 160 µL/well of the 
culture medium was replaced with the same volume of 
Medium 670 (Day 0). After three days, the culture medi-
um was replaced, and HepaRG cells were exposed to OPZ 
(0, 1, 3, 10, 30, or 100 µM), PHB (0, 10, 30, 100, 300, or 
1000 µM), or RIF (0, 0.1, 0.3, 1, 3, or 10 µM) in medi-
um 650 containing 0.1% dimethyl sulfoxide (DMSO)  
(Day 3). Similarly, the medium was replaced with fresh 
medium 650 containing OPZ, PHB, or RIF on Day 4. At 
five days after seeding, the medium were sampled and 
centrifuged at 800 × g for 5 min at room temperature. 
The supernatants were collected and stored at −30°C until 
measurement (Day 5). In addition, the expression level 
of CYP mRNAs, the metabolic activity of CYPs, and the 
cell viability were measured on Day 5.

Measurement of expression levels of CYP 
mRNAs

Total RNA was extracted using NucleoSpin® RNA 
XS (Macherey-Nagel, Düren, Germany) and cDNA 
was synthesized using High Capacity cDNA Reverse  
Transcription Kits (Thermo Fisher Scientific Inc., MA, 
USA). The mRNA expression levels of CYP1A2, 
CYP2B6, and CYP3A4 were measured by quantitative 
reverse transcription-polymerase chain reaction (qRT-
PCR), using THUNDERBIRD® SYBR® qPCR Mix  
(Toyobo Co., Ltd., Osaka, Japan) using the 2-ΔΔ thresh-
old cycles (Ct) method. Since hypoxanthine guanine 
phosphoribosyl-transferase 1 (HPRT1) mRNA is stably 
expressed in human hepatocytes, the mRNA expression 
levels of CYP1A2, CYP2B6, and CYP3A4 were normal-
ized to that of HPRT1. The gene-specific primer sequenc-
es are listed in Table 1. The mRNA expression levels are 
presented as the fold induction versus vehicle control con-
ditions.

Measurement of metabolic activity
Medium 650 was removed from the 48-well plates, 

and the HepaRG cells were incubated in 200 μL of  
William’s medium E at 37°C for 15 min in a water bath. 
The medium was removed, and metabolic assay was 
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started by adding 200 μL of a substrate (100 μM phen-
acetin, 40 μM bupropion, or 10 μM midazolam in Wil-
liam’s medium E containing 0.1% DMSO). The superna-
tants (20 μL) were collected at 60 min and mixed with  
80 μL of 2.5 μM chlorpropamide (internal standard) in 
ice-cold acetonitrile containing 0.1% DMSO. The mix-
ture was centrifuged at 16,000 × g for 15 min at 4°C to 
precipitate protein, and the supernatant was collected. 
The samples were stored at −80°C, and were thawed and 
filtered before measurement.

Metabolic activities of CYP1A2, CYP2B6, and 
CYP3A4 were quantitated in terms of the amounts of 
acetaminophen, hydroxybupropion, and 1’-hydroxymi-
dazolam, respectively, which were determined using 
an LCMS-8040 triple quadrupole liquid chromatog-
raphy mass spectrometrer (LC-MS/MS) (Shimadzu,  
Kyoto, Japan) coupled with an LC-20A system (Shimadzu,  
Kyoto, Japan). Separation was performed on a CAPCEL 
PAK Type MG III-H (C18, 3 µm 2.0 mmID × 100 mm, 
Osaka Soda, Osaka, Japan). The mobile phases consist-
ed of 0.1% formic acid in water: 0.1% formic acid in ace-
tonitrile at mixing ratios of 60:40, 70:30, and 50:50 for 
acetaminophen, hydroxybupropion, and 1’-hydroxymi-
dazolam, respectively. The mass numbers of the molec-
ular and product ions for each compound are shown in  
Table 2. Chlorpropamide was used as an internal stand-
ard for analytical LC-MS/MS; the positive ion mode 
was used for acetaminophen and hydroxybupropion, and 
the negative ion mode for 1’-hydroxymidazolam. The 
operating parameters of LC-MS/MS were as follows: 
block heater temperature 400°C, nebulizer gas flow rate  
3 L/min, drying gas flow rate 15 L/min. 

Toxicity assay
Cell viability was measured with reference to previous 

reports (Twentyman and Luscombe, 1987; Bhagavathy 
and Latha, 2015) as follows. MTT reagent stock solu-
tion (5 mg/mL) was prepared in PBS, sterilized by fil-
tration, and stored at 4°C protected from light. For use, 
0.5 mg/mL MTT solution was prepared by diluting the 

stock solution with medium 650. Cell culture medium 
(200 μL/well) in each 48-well plate was replaced with the 
MTT solution and the plate was incubated in a humidi-
fied atmosphere of 5% CO2 in air at 37°C for 30 min. The 
MTT solution was then removed and DMSO was added 
at 400 µL/well. The plate was shaken for 1 min, and the 
absorbance at 560 nm (reference wavelength: 630 nm) 
was measured.

Albumin secretion and urea secretion were evaluat-
ed using the culture supernatants on Day 5. Albumin 
concentration was measured with an Albumin Human  
SimpleStep ELISA® Kit (Abcam, Cambridge, UK) 
according to the kit protocol. Urea concentration was 
measured with a Urea Assay Kit (Sigma-Aldrich, MO, 
USA) according to the kit protocol.

Data analysis
Quantitative data are presented as the mean ± S.D.  

(n = 4). Statistical analysis was undertaken using  
Williams’ test or Pearson correlation coefficient test as 
implemented in Pharmaco Basic software (Scientist Press 
Co., Ltd., Tokyo, Japan).

RESULTS

Correlation between mRNA expression levels 
and metabolic activity measurements

OPZ induced both mRNA and enzyme activity of 
CYP1A2 in a concentration-dependent manner, and 
there was a high correlation between the two, except at  
100 µM OPZ (Fig. 1A). Similarly, PHB also induced 

Table 1.   Gene-specific primer sequences for qRT-PCR.
Gene Primer sequence (5’ to 3’) Length (bp)
CYP1A2 Forward GAATGGCTTCTACATCCCCA 20

Reverse TCATCTTCTCACTCAAGGGCT 21
CYP2B6 Forward ACATCATCCCCAAGGACACAGA 22

Reverse GCATCCAGAAAGTGGTCAGG 20
CYP3A4 Forward TATGGAAAAGTGTGGGGCTT 20

Reverse TCCGGTTTGTGAAGACAGAAT 21
HPRT1 Forward TGACACTGGCAAAACAATGCA 21

Reverse GGTCCTTTTCACCAGCAAGCT 21

Table 2.   Precursor and product ions for LC-MS/MS analysis
Compound Precursor 

ion (m/z)
Product ion 

(m/z)
Collision 

energy (V)
Acetaminophen 152.00 (+) 110.10 −21.0
Hydroxybupropion 256.05 (+) 238.00 −12.0
1’-Hydroxymidazolam 342.00 (+) 323.95 −24.0

Chlorpropamide 273.55 (+) 195.90 −12.0
274.90 (−) 190.05 24.0
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both mRNA and enzyme activity of CYP2B6 in a con-
centration-dependent manner, and again, there was a high 
correlation between the two, except at 1000 µM PHB  
(Fig. 1B). On the other hand, RIF induced the enzyme 
activity of CYP3A4 in a concentration-dependent manner, 
while the mRNA level was induced in a concentration-de-
pendent manner with the exception of 10 µM. Neverthe-
less, there was a high correlation between the two in the 
range of concentrations examined (Fig. 1C).

Evaluation of cytotoxicity of RIF
The cell viability of HepaRG, evaluated as a percent-

age of the vehicle control taken as 100%, was not signif-
icantly affected by RIF over the range of concentrations 
tested (Fig. 2A). However, albumin secretion was signif-
icantly decreased in the group exposed to RIF compared 
to the control group (Fig. 2B). Urea secretion was signif-
icantly decreased in the group exposed to RIF 1 µM or 
more compared to the control group (Fig. 2C).

DISCUSSION

Differentiated HepaRG cells retain liver-specific func-
tions, such as drug-metabolizing enzymes and trans-
porters (Yokoyama et al., 2018), and induction of CYPs 
can be detected with high sensitivity in this cell line  
(Kanebratt and Andersson, 2008). The OECD draft test 
guideline recommends using HepaRG cells for CYP 
induction studies (OECD, 2019).

In this study, induction of CYPs in HepaRG cells was 
evaluated in terms of both metabolic activity and mRNA 
expression. The OECD draft test guideline (OECD, 2019) 
includes the following description: “The measurement of 
functional CYP enzyme activity induction (i.e. catalytic 
activity) is considered more informative and relevant for 
chemical risk assessment than measurement of mRNA, 
since correlations between the CYP-selective activity and 
the specific CYP mRNA level are frequently poor or lack-
ing”. It has been reported that when CYP3A4 induction 
occurs, both metabolic activity and mRNA expression 
increase, whereas in the cases of CYP2C9 and CYP2E1 
induction, metabolic activities were enhanced, but mRNA 
expression was unchanged (Choi et al., 2013). Neverthe-
less, it is easy to analyze changes in mRNA expression in 
the liver, and it has also been reported that mRNA can be 
used as an index to predict CYP induction (Bernasconi et 
al., 2009; Kato et al., 2005), as well as drug-drug interac-
tion (Dong et al., 2017). In view of the conflicting reports, 
we set out to examine the usefulness and limitations of 
mRNA measurement for evaluation of the induction of 
CYP1A2, CYP2B6, and CYP3A4 in HepaRG cells.

Fig. 1.  Correlation between mRNA expression level and 
metabolic activity for CYP1A2 (A), CYP2B6 (B), and 
CYP3A4 (C) in HepaRG cells treated with inducers. R 
values are Pearson correlation coefficients. ** P < 0.01  
(Pearson correlation coefficient test). The regression 
lines in A, B, and C are shown as solid lines. The out-
liers at the highest inducer concentration (top right) 
were excluded in calculating the correlation coeffi-
cients in panels A and B.
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Here, we found that metabolic activity and mRNA 
expression of CYP1A2, CYP2B6, and CYP3A4 were 
increased concomitantly in a concentration-dependent 
manner by the inducers examined, except for CYP1A2 at 

100 µM OPZ and CYP2B6 at 1000 µM PHB, which were 
the highest concentrations of those inducers. In the case 
of the CYP3A4 induction study using RIF, the mRNA 
level was slightly decreased at 10 µM RIF. RIF is well 
known to be hepatotoxic (Shen et al., 2009), and although 
the cell viability was not decreased by RIF, significant 
decreases in albumin secretion and urea secretion consist-
ent with hepatotoxicity were observed. Overall, we found 
that the results of mRNA measurement were well corre-
lated with the results of metabolic activity measurement 
in all cases, if the highest inducer concentrations were 
excluded. Thus, we suggest that the two methods can be 
regarded as consistent and complementary, provided that 
care is taken to consider the influence of cytotoxicity of 
the test compounds.
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