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CYP: cytochrome P450
UGT: uridine 5’-diphospho-glucuronosyltranseferase
SULT: sulfotransferase
GLP: good laboratory practice
ATP: adenosine triphosphate
LDH: lactate dehydrogenase
DMSO: dimethyl sulfoxide
AFB1: aflatoxin B1
CPA: cyclophosphamide
APAP: acetaminophen
TAM: tamoxifen
TGZ: troglitazone
ABT: 1-aminobenzotriazole
GSH: glutathione
BSO: L-buthionine-(S, R)-sulfoximine
NAPQI: N-acethyl-p-benzoquinone imine
SAM: salicylamide
GAPDH: glyceraldehyde 3-phosphate dehydrogenase
UPGMA: unweighted pair group method with arithmetic mean
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2. 2

2.1 1

HepaRG
Lübberstedt et al., 2011

HepaRG
HepaRG

HepG2

2.2 2 HepaRG

2.2.1 1 HepaRG

HepaRG HepaRG® MAINTENANCE/METABOLISM MEDIUM 620
4 7 14

Manufacture protocol HepaRG
Fig. 2-1

Figure 2-1 Differentiation of HepaRG cells and the determination of drug-metabolizing enzymes 
activities in the differentiated HepaRG cells.

HepaRG Day7
Fig. 2-2 Gripon et al., 2002; Andersson et al., 2012

CYP1A2 CYP2B6 CYP2C19 CYP2D6 CYP3A4
CYP2C9 UGT SULT Day7 Day16

Fig. 2-3 Table 2-1
3 2 3

Day7
Day7

Pre-culture

Day0    Day1 Day7 Day9   Day14       Day16

Observation &
Drug-metabolizing enzymes activities

Seed

Differentiation medium 
containing 2% DMSO 

(Medium 620)

Medium
change

7.2 104 cells/well/96-well plate
HepaRG cells
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Figure 2-2  Observation of morphology of differentiated HepaRG cells.

Table 2-1 Drug-metabolizing enzymes activities in the differentiated HepaRG cells

CYP1A2: Phenacetin-O-deethylase, CYP2B6: Bupropion hydroxylase, CYP2C9: Diclofenac 
4-hydroxylase, CYP2C19: Mephenytoin 4'-hydroxylase, CYP2D6: Bufuralol 1-hydroxylase,
CYP3A4: Midazolam 1'-hydroxylase, UGT: 7-hydroxycoumarin glucronidation,
SULT: 7-hydroxycoumarin sulfation.
*: The day thawing and seeding was count as Day 0

Day 7 7.65 ± 0.41 10.6 ± 2.3 3.79 ± 0.16 2.73 ± 0.39 2.33 ± 0.33 131 ± 15 1644 ± 24 20.5 ± 0.8

Day 9 8.99 ± 0.70 11.8 ± 1.4 3.07 ± 0.10 3.02 ± 0.18 3.71 ± 0.06 222 ± 19 1827 ± 17 22.2 ± 1.3

Day 14 11.5 ± 0.8 18.1 ± 1.5 2.52 ± 0.38 4.96 ± 0.43 3.71 ± 0.34 216 ± 4 1477 ± 44 18.3 ± 0.3

Day 16 10.7 ± 0.6 21.5 ± 1.6 2.59 ± 0.29 5.19 ± 0.20 3.78 ± 0.05 234 ± 25 1287 ± 71 17.6 ± 0.8

UGT SULT

HepaRG

Cell
Time
point*

Drug-metabolizing enzyme activity (pmol·min-1·mg protein-1)
Mean ± SD

CYP1A2 CYP2B6 CYP2C9 CYP2C19 CYP2D6 CYP3A4

Day 7

x10

Day 9 Day 14

x20

Day 16
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Figure 2-3 Determination of drug-metabolizing enzymes activities at the several time points of 
differentiation duration in HepaRG cells, and the comparison of those activities in human 

hepatocyte of 3 donors
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2.2.2 2 HepaRG

2.2.1 Day7 HepaRG 3

CYP2B6 CYP2C19 5
Table 2-2

Table 2-2  Drug-metabolizing enzymes activities in the differentiated HepaRG cells

CYP1A2: Phenacetin-O-deethylase, CYP2B6: Bupropion hydroxylase, CYP2C9: Diclofenac 
4-hydroxylase, CYP2C19: Mephenytoin 4'-hydroxylase, CYP2D6: Bufuralol 1-hydroxylase,
CYP3A4: Midazolam 1'-hydroxylase, UGT: 7-hydroxycoumarin glucronidation,
SULT: 7-hydroxycoumarin sulfation.

2.3 3 HepG2

HepaRG HepG2

Phase I Phase II
UGT SULT Wilkening et al., 
2003 Table 2-3

Table 2-3 Drug-metabolizing enzymes activities in the HepG2 cells

CYP1A2: Phenacetin-O-deethylase, CYP2B6: Bupropion hydroxylase, CYP2C9: Diclofenac 
4-hydroxylase, CYP2C19: Mephenytoin 4'-hydroxylase, CYP2D6: Bufuralol 1-hydroxylase,
CYP3A4: Midazolam 1'-hydroxylase, UGT: 7-hydroxycoumarin glucronidation, SULT: 
7-hydroxycoumarin sulfation.
ND: Not detected

HepG2 0.0150 ± 0.0101 0.225 ± 0.047 33.7 ± 5.1 20.8 ± 4.8ND ND ND ND

Cell
Drug metabolizing enzyme activity (pmol·min-1·mg protein-1)

Mean ± SD
CYP1A2 CYP2B6 CYP2C9 CYP2C19 CYP2D6 CYP3A4 UGT SULT

HPR116062 7.65 ± 0.41 10.6 ± 2.3 3.79 ± 0.16 2.73 ± 0.39 2.33 ± 0.33 131 ± 15 1644 ± 24 20.5 ± 0.8

HPR116150 8.33 ± 1.23 34.4 ± 2.8 19.4 ± 4.9 6.21 ± 0.31 3.34 ± 0.48 114 ± 20 1962 ± 121 61.4 ± 2.3

HPR116169 10.2 ± 1.9 50.7 ± 3.9 12.5 ± 2.8 10.3 ± 0.9 2.21 ± 0.39 69.6 ± 11.9 2254 ± 253 61.8 ± 7.5

HepaRG

UGT SULT
Cell Lot No.

Drug metabolizing enzyme activity (pmol·min-1·mg protein-1)
Mean ± SD

CYP1A2 CYP2B6 CYP2C9 CYP2C19 CYP2D6 CYP3A4
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2.4 4

HepaRG
Cryopreserved Human Hepatocyte Plateable, 

BioreclamationIVT 3 3

SHM CYP2B6, CYP2C19 CYP3A4
YEM 200

Certificate of analysis
Table 2-4

Table 2-4 Drug-metabolizing enzymes activities in the cryopreserved human hepatocytes

CYP1A2: Phenacetin-O-deethylase, CYP2B6: Bupropion hydroxylase, CYP2C9: Diclofenac 
4-hydroxylase, CYP2C19: Mephenytoin 4'-hydroxylase, CYP2D6: Bufuralol 1-hydroxylase, 
CYP3A4: Midazolam 1'-hydroxylase,UGT: 7-hydroxycoumarin glucronidation,
SULT: 7-hydroxycoumarin sulfation,
ND: Not detectable

SHM 2.06 ± 1.31 1.81 ± 0.40 0.178 ± 0.038 0.349 ± 0.132 255 ± 94 22.7 ± 6.4

CPQ 1.94 ± 0.44 1.66 ± 0.34 1.84 ± 0.33 2.49 ± 0.59 0.908 ± 0.149 33.7 ± 5.7 391 ± 76 7.12 ± 1.02

YEM 4.34 ± 1.05 2.61 ± 0.68 3.72 ± 0.65 0.788 ± 0.185 0.660 ± 0.175 72.6 ± 16.7 342 ± 62 6.24 ± 1.31

CHHs

ND ND

UGT SULT
Cell Lot No.

Drug metabolizing enzyme activity (pmol·min-1·mg protein-1)
Mean ± SD

CYP1A2 CYP2B6 CYP2C9 CYP2C19 CYP2D6 CYP3A4



9

2.5 5

HepaRG HepaRG HepG2
Fig. 2-4 HepaRG

Lübberstedt et al., 
2011

HepaRG
3 200 CYP3A4

HepaRG 5 CYP2B6, CYP2C19

HepaRG CYP2D6 poor 
metabolizer Gripon et al., 2002; Guillouzo et al., 2007 HepaRG

CYP2D6 Bufuralol 1-hydroxybufuralol

0.514 – 1.03 pmol/min/106cells 5 mol/L bufuralol
3.0 pmol/min/106cells 25 mol/L bufuralol

Lübberstedt et al., 2011 HepaRG
HepaRG

Bufuralol
HepG2 Wilkening et al., 2003;

Westerink et al., 2007 (a); Westerink et al., 2007 (b) SULT

HepG2 HepaRG
HepaRG

HepG2
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Figure 2-4 Comparison of drug metabolizing enzyme activities in HepG2 cells, cryopreserved 
human hepatocytes, and HepaRG cells.

Three different lots of CHHs (Lot. SHM, CPQ, and YEM) and HepaRG cells (Lot. HPR116062, 

HPR116150, and HPR116169) were examined. Results of HepG2 cell analysis: gray bars are means 
standard deviation (S.D., n 8). Results of CHHs: black bars are means S.D.; Lot. SHM: n 6, CPQ: n 3,
YEM: n 6. Results of HepaRG cells: white bars are means ± S.D., Lot. HPR116062, n 3; HPR116150, 
n 6; HPR116169: n 5. ND: Not detectable
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3. 3

3.1 1

HepaRG
HepaRG

5
5 Aflatoxin B1

Cyclophosphamide Acetaminophen Troglitazone Tamoxifen CYP
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3.2 2

HepaRG
HepaRG

2 4 Cryopreserved Human 
Hepatocyte Plateable, BioreclamationIVT 3 3
48 ATP CellTiter-GloTM Promega

Table 3-1 AFB1 CPA TAM
APAP CPQ

10000 mol/L Cell viability: 91.6% 2
TGZ 3

100 mol/L

Table 3-1 Results of cytotoxicity assays of five hepatotoxicants in

cryopreserved human hepatocytes

AFB1: Aflatoxin B1, CPA: Cyclophosphamide, APAP: Acetaminophen, TAM: Tamoxifen, TGZ: Troglitazone,
Conc.: Concentration

IC50 IC50 IC50

( mol/L) Mean S.D. ( mol/L) Mean S.D. ( mol/L) Mean S.D. ( mol/L)
0 100.0 2.6 100.0 2.4 100.0 2.4

0.2 117.5 2.8 - - - -
0.6 122.7 3.4 112.7 1.5 107.9 2.3
2 120.0 3.7 118.7 1.1 89.1 2.6
6 85.3 2.6 82.7 2.5 38.1 1.5
20 18.4 1.1 59.4 3.3 6.2 0.7
0 100.0 2.0 100.0 1.0 100.0 1.3

250 100.1 2.1 - - - -
750 101.3 1.9 96.9 0.4 101.3 1.8

2,500 105.3 0.8 98.0 1.8 99.4 1.0
7,500 107.7 1.9 94.9 1.4 93.5 2.7

25,000 79.8 1.1 91.2 1.8 50.4 2.0
0 100.0 3.4 100.0 2.4 100.0 2.2

100 100.6 3.2 - - - -
300 102.1 2.2 94.6 3.0 101.8 2.9

1,000 102.0 1.3 94.1 4.0 99.2 2.6
3,000 103.5 1.2 90.1 4.9 94.9 3.5

10,000 98.6 0.8 91.6 0.2 104.9 9.8
0 100.0 3.5 100.0 1.6 100.0 4.3
1 100.5 1.0 - - - -
3 100.4 1.4 103.2 3.3 107.0 2.1
10 98.8 2.8 103.8 4.2 107.8 1.0
30 95.0 1.6 102.9 2.1 102.8 3.9

100 96.4 0.8 99.1 1.3 98.0 2.6
0 100.0 3.1 100.0 0.8 100.0 0.3
1 100.0 1.6 - - - -
3 100.4 1.0 94.3 1.5 100.6 2.1
10 96.5 2.9 86.3 1.9 97.0 2.5
30 67.5 3.7 73.8 3.9 81.8 2.3

100 0.2 0.0 0.3 0.0 0.2 0.0

AFB1

CPA

APAP

TGZ

TAM

Cell viability
(% of control)

Lot. SHM

Compound
Conc.

Lot. CPQ

Cell viability
(% of control)

7.8

Cell viability
(% of control)

>25,000

>10,000

>100

40.3

20

>25,000

>10,000

>100

54.4

4.7

25,000

>10,000

>100

60.9

Lot. YEM
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3.3 3 HepaRG

3 2 5
HepaRG HepaRG AFB1

CPA APAP TGZ TAM 48
ATP

1 HPR116150
Table 3-2

IC50 AFB1 IC50=5.0 mol/L TGZ IC50=80.0 mol/L TAM
IC50=15.8 mol/L CPA APAP IC50

CPA 25000 mol/L 56.7% APAP 10000 mol/L 75.4%

Table 3-2 Results of cytotoxicity assays of five hepatotoxicants in HepaRG Cells

AFB1: Aflatoxin B1, CPA: Cyclophosphamide, APAP: Acetaminophen, TAM: Tamoxifen, TGZ: Troglitazone,
Conc.: Concentration.

IC50

( mol/L) Mean S.D. ( mol/L)
0 100.0 2.3

0.2 96.7 3.3
0.6 87.3 3.9
2 76.4 3.1
6 43.7 1.1
20 10.5 0.6
0 100.0 3.4

250 99.1 1.3
750 98.9 0.6

2,500 99.3 1.6
7,500 95.9 2.4

25,000 56.7 1.1
0 100.0 1.5

100 97.4 3.2
300 97.7 2.6

1,000 96.1 3.6
3,000 95.8 4.6

10,000 75.4 2.0
0 100.0 1.6
1 98.8 1.6
3 98.7 1.3
10 98.1 2.1
30 96.4 1.0

100 0.3 0.0
0 100.0 3.1
1 100.5 0.4
3 98.0 0.5
10 98.0 1.1
30 0.3 0.0

100 0.1 0.0

AFB1

CPA

Compound

APAP

TGZ

TAM

Conc.

5.0

25,000

>10,000

80.0

15.8

Lot. HPR116150

Cell viability
(% of control)
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3.4 4

HepaRG
5 HepaRG

Fig. 3 AFB1 HepaRG IC50=5.0 
mol/L 3 IC50=4.7 mol/L 20 mol/L

AFB1 YEM
AFB1 AFB1-8,9-epoxide

CYP1A2, CYP3A4 HepaRG
CPA YEM

HepaRG HepaRG
TGZ 3

100 mol/L HepaRG 100 mol/L Cell 
viability 0.3% IC50=80 mol/L

HepaRG SULT TGZ CYP
Funk et al., 2001; Saha et al., 2010

5 HepaRG
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Figure 3 Cytotoxicity of hepatotoxicants in cryopreserved human hepatocytes and HepaRG
cells.

Comparative cytotoxic effects of AFB1, CPA, APAP, TGZ, and TAM on cryopreserved human 
hepatocytes (CHHs) and HepaRG cells. Results of CHHs are open symbols (Lot. SHM, Lot. CPQ, Lot. 
YEM). Results of CHHs are closed symbols (Lot. HPR116150). CHHs and HepaRG cells were exposed to 
test compounds for 48 h. Cell viability was evaluated using CellTiter-GloTM luminescent cell viability 

assay. Results are normalized to control cells levels and expressed as means standard deviation (S.D., 
n 3 cultures). The Figure 3 shows the summarized results of Table 3-1 and Table 3-2.
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4. 4

4.1 1

up-regulate
down-regulate

in vitro HepG2

HepaRG

CYP1A2, CYP3A4 epoxide AFB1 CYP2B6, CYP3A4
4-hydroxy acrolen

CPA Fig. 4-1

Figure 4-1 Metabolic pathway of aflatoxin B1 and cyclophosphamide and the toxic metabolites
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4.2 2 HepaRG HepG2

HepaRG AFB1 CPA 24 RNA
GeneChip® Human Genome U133 Plus 2.0 Array

HepG2 HepG2 AFB1 CPA
24 54675 probe set

Table 4-1 AFB1 CPA
p53 Spotfire 

DecisionSite 9.1.1 TIBCO Software
Fig.4-2

AFB1 CPA Control 2 0.5
threshold HepG2 HepaRG

AFB1 mol/L 2329 fold-change 2 1403
fold-change 0.5 HepaRG HepG2 AFB1

320 fold-change 2 319 fold-change 0.5
CPA 10 mmol/L 4424 fold-change 2 2275
fold-change 0.5 HepaRG HepG2 CPA

429 fold-change 2 518 fold-change 0.5
p53 AFB1 CPA HepaRG

HepG2 p53
AFB1 CPA HepaRG p53 signaling

Helton et al., 2007; Lukas et al., 2004
Table 4-2 AFB1 HepaRG G1 checkpoint

CDKN1A (p21) GADD45 FBXW7 BTG2 Apoptosis signaling BAX APAF1
Mismatch repair MSH2 PCNA Global genome repair XPC DDB2
Homologous recombination RAD51 p53 MDM2

2 HepG2 BTG2 CDKN1A MDM2 DDB2
GADD45A CPA 2

HepaRG BTG2 CDKN1A FBXW7 GADD45A XPC APAF1
HepG2

fold-change 2 0.5
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Table 4-1 Number of up-regulated or down-regulated genes in HepG2 and HepaRG cells after
exposure to aflatoxin B1 or cyclophosphamide

Number of genes affected by AFB1 or CPA with a threshold fold-change or < 0.5 after 24 h 
treatment of HepaRG and HepG2 cells is shown. Gene probes with detection call of “P” or “M” were 
used for analysis.

Figure 4-2 Gene expression profiles in p53 signaling pathway in HepG2 and HepaRG cells 
treated with (a) aflatoxin B1 or (b) cyclophosphamide

Gene expression was visualized as a heatmap by using hierarchal clustering with Spotfire DecisionSite 
9.1.1 (TIBCO) using UPGMA method. Gene probes whose detection call was “P” or “M” were used for 
analysis

10 mM 20 mM
2 fold - 293 320 521 110 429
0.5 fold - 109 319 762 196 518
2 fold 1302 1480 2329 - 1632 4424
0.5 fold 735 1084 1403 - 1373 2275

HepG2

HepaRG

Compound AFB1 CPA
Concentration

0 1-1

log2 (fold)
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Table 4-2 Gene expression changes in p53 signaling pathway after exposure of HepG2 and 
HepaRG cells to aflatoxin B1 or cyclophosphamide

Fold-change in gene expression related to p53 signaling pathway in treatment groups relative to control 
group is shown. Red and blue values represent fold-changes 2 and <0.5, respectively. N.E., not 
evaluated, because detection call was “A” in one or more samples.

2.81 M 5.63 M 11.25 M 1.41 M 2.81 M 5.63 M 10 mM 20 mM 10 mM 20 mM
fold fold fold fold fold fold fold fold fold fold

204859_s_at APAF1 1.60 1.51 1.75 1.65 2.22 2.28 1.20 1.11 0.98 0.47
209903_s_at ATR 1.03 0.89 0.93 1.60 1.49 1.58 1.03 0.96 1.22 0.79
208478_s_at BAX 1.63 1.45 1.71 2.34 2.60 2.59 0.97 0.81 1.08 0.99
201236_s_at BTG2 3.37 3.54 5.28 2.89 2.92 3.18 NE NE 1.90 2.69
202284_s_at CDKN1A 4.44 5.62 8.12 3.07 3.66 3.37 1.16 1.43 2.56 3.44
203409_at DDB2 1.77 1.79 2.27 2.04 2.51 2.38 0.98 0.62 0.75 0.54
229419_at FBXW7 1.19 1.28 1.82 2.26 2.71 3.34 1.19 1.18 1.57 2.92
203725_at GADD45A 1.76 1.95 2.61 2.58 2.63 3.28 1.42 1.81 2.50 4.97
211040_x_at GTSE1 0.95 0.75 0.81 1.21 1.28 1.41 1.00 0.73 0.90 0.86
229711_s_at MDM2 1.94 2.21 2.53 2.34 3.02 3.07 1.46 1.69 1.67 1.54
202520_s_at MLH1 1.11 1.05 1.08 1.52 1.46 1.42 0.99 0.90 0.92 0.71
209421_at MSH2 0.94 0.85 0.68 2.54 2.85 3.21 1.13 0.91 NE NE
209361_s_at PCBP4 1.06 1.00 1.36 1.39 1.20 1.14 0.95 0.74 1.21 1.41
201202_at PCNA 0.99 1.25 1.11 2.33 2.51 2.59 0.99 0.93 1.48 1.21
205024_s_at RAD51 1.20 1.03 0.99 2.36 2.19 2.54 1.22 1.09 NE NE
201746_at TP53 1.05 1.01 0.99 1.67 1.63 1.57 0.97 1.07 1.15 1.35
205667_at WRN 0.72 0.82 0.53 1.26 1.01 0.98 1.30 1.43 1.22 1.59
209375_at XPC 1.28 1.49 1.69 1.88 2.24 2.88 0.93 1.11 1.70 2.58

Probe Set ID Gene
Symbol

HepG2 HepaRG HepG2 HepaRG
AFB1 AFB1 CPA CPA
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4.3 3

HepaRG AFB1 CPA
HepG2 AFB1

CPA HepG2 HepaRG
p53 HepaRG

HepG2 AFB1 CYP1A2 CYP3A4
AFB1 exo-8,9 epoxide

McLean et al., 1995; Gallagher et al., 1996 CPA CYP2B6 CYP3A4 CYP2C8/9
4-hydroxy CPA acrolein phosphoramide mustard

Chang et al., 1997; Gut et al., 2000; Tong et al., 2017
DNA DNA damage response p53

Denissenko et al., 1999; Roy et al., 1999; Suzuki et al., 2008; Boehme et al., 2010
HepaRG HepG2 DNA

HepaRG DNA p53
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5.2 2 CYP

5.2.1 1

CYP
70% CYP Yokoi., 2009

CYP CYP
4 3

AFB1 CPA CYP
CYP HepaRG

CYP
AFB1 CPA CYP

2 3 Cryopreserved 
Human Hepatocyte Plateable, BioreclamationIVT 3 3 CYP

CYP ABT ABT Mechanism-based inactivator
CYP CYP N CYP

Fig. 5-1 Ortiz et al., 1981, Paul et al., 1984, and Emoto
et al., 2005 AFB1 CPA ABT 500 mol/L
48 ABT Ogimura et al., 2011

CYP Fig. 5-2
ATP

AFB1 CYP
ABT CPA

YEM CPA ABT
AFB1 CPA CYP

Fig. 5-3

Figure 5-1  Structure of 1-aminobenzotriazole (ABT), a non-specific broad CYP Inhibitor

N

N

N

NH2
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Figure 5-2 Inhibitory Effects of ABT against CYP activity in cryopreserved human hepatocytes

Inhibitory effects of 500 mol/L ABT on several CYP activities (CYP1A2; phenacetin O-deethylase, 
-hydroxylase, CYP2C19; S- -hydroxylase, CYP2D6; bufuralol 

- -hydroxylase) in cryopreserved human hepatocytes (CHHs) were 
confirmed using each lot of CHHs (Lots SHM, CPQ, and YEM). Results of CHHs without ABT: ABT(-)

are means S.D.; Lot. SHM: n 6, CPQ: n 3, YEM: n 6. Results of CHHs with 500 mol/L ABT: ABT(+),
Lot. SHM: n 3, CPQ: n 3, YEM: n 3. ND: not detectable.
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Figure 5-3 Effects of broad CYP inhibitor on cytotoxicity of AFB1 and CPA in cryopreserved 
human hepatocytes

Cytotoxicity of AFB1 and CPA was examined in cryopreserved human hepatocytes (CHHs) with or 
without 1-aminobenzotriazole (ABT), a non-selective CYP inhibitor. Results are black bar for with ABT 
and white bar for without ABT. CHHs (Lot. SHM; (a), CPQ; (b), and YEM; (c)) were exposed to AFB1 
(-1) and CPA (-2) for 48 h with or without ABT (ABT(-) or ABT(+)). ABT concentrations were 500 

mol/L. Cell viability was evaluated using CellTiter-GloTM luminescent cell viability assay. Results are 
normalized to control cells and expressed as means S.D. (n 3 cultures). The data shown in Figure 5-3
(without ABT) and Figure 3 (a, b) are the same. Student's t-tests were conducted at the same concentration 
of test compound with or without ABT (*:p< 0.05, **:p< 0.01, ***p< 0.001).
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5.2.2 2 HepaRG

1 CYP
HepaRG CYP

AFB1 CPA
HepaRG ABT ABT

CYP
ATP LDH LDH Cytotoxicity Detection Kit Takara

ABT HepaRG 100 500 mol/L
Fig. 5-4 (a)-1, (a)-2 ABT

100 mol/L 500 mol/L 2
1 ABT 4 ABT 100 mol/L

ABT 500 mol/L ABT 100 mol/L 1 ABT 500 mol/L 1
CYP6 2 HepaRG

7 HepaRG
Day9 Day14 Day16 HepaRG

CYP ABT Fig. 5-5 CYP2B6 CYP2C19 CYP3A4
100 mol/L

CYP2C9
Emoto et al., 2003

CYP1A2, CYP2D6 UGT SULT
CYP2C9

ABT 100 mol/L 500 mol/L 100 mol/L
CYP

HepaRG ABT 100 mol/L
Day7 HepaRG ABT

CYP ABT
72

Fig. 5-6 CYP2C9 72
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Figure 5-4 Cytotoxicity of ABT for 72 h exposure in HepaRG cells

Cytotoxicity of 1-aminobenzotriazole (ABT) was examined in HepaRG cells to find the dose concentration 
for treatment. HepaRG cells were exposed to ABT for 72 h and cytotoxicity assay were evaluated using 
both ATP assay ((a)-1) and LDH assay ((a)-2). ATP assay was conducted using CellTiter-GloTM

luminescent cell viability assay (n 3 cultures). LDH assay was conducted using LDH Cytotoxicity 
Detection Kit (n 3 cultures).
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Figure 5-5 Inhibitory effects of ABT against drug-metabolizing enzyme activity in HepaRG cells

Inhibitory effects of ABT on several CYP activities (CYP1A2; phenacetin O-deethylase, CYP2C9; 
-hydroxylase, CYP2C19; S- - -hydroxylase, 

-hydroxylase) in HepaRG cells were confirmed. Results are means S.D.
ABT(-): without ABT, ABT100: 100 mol/L ABT without pre-incubation, ABT500: 500 mol/L ABT 
without pre-incubation, ABT100 Pre1h: 100 mol/L ABT with 1-h pre-incubation, ABT500 Pre1h: 500 

mol/L ABT with 1-h pre-incubation
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Figure 5-6 Inhibitory effects of ABT (100 mol/L) against CYP activity for 72 h in HepaRG cells

Inhibitory effects of 100 mol/L ABT on several CYP activities (CYP1A2; phenacetin O-deethylase, 
-hydroxylase, CYP2C19; S- -hydroxylase, CYP2D6; bufuralol 

- -hydroxylase) in HepaRG cells were confirmed. Results are means 

S.D (n 3). ABT(-): without ABT, ABT(+): with 100 mol/L ABT, ND: not detectable. 
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ABT HepaRG
AFB1 CPA ABT 100 mol/L 48 ATP

AFB1 ABT
Fig. 5-7, (a)-1 25000 mol/L

CPA ABT 25000 mol/L Fig. 5-7, (a)-2
CYP HepaRG

Figure 5-7 Effects of broad CYP inhibitor on cytotoxicity of AFB1 and CPA in HepaRG cells

Cytotoxicity of AFB1 and CPA was examined in HepaRG cells with or without 1-aminobenzotriazole 
(ABT), a non-selective CYP inhibitor. Results are white bar for without ABT and black bar for with ABT.
HepaRG cells were exposed to AFB1 (-1) and CPA (-2) for 48 h with or without ABT (ABT(-) or ABT(+)).

ABT concentrations were 100 mol/L. Cell viability was evaluated using CellTiter-GloTM luminescent cell 
viability assay. Results are normalized to control cells and expressed as means S.D. (n 3 cultures). The
data shown in Figure 5-7 (without ABT) and Figure 3 (a, b) are the same. Student's t-tests were conducted 
at the same concentration of test compound with or without ABT (*:p< 0.05, **:p< 0.01, ***p< 0.001).
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5.3 3 GSH

2 HepaRG CYP

DNA
Leung et al., 2012; Thompson et al., 2016

GSH
exogenous

DNA Mitchell and Russo., 1987 GSH
in vitro, in vivo

Fujimoto et al., 2010, Watanabe et al., 2003, Nishiya et al., 2008 HepaRG
GSH

GSH GSH -glutamylcysteine
-glutamylcysteine synthetase BSO Griffith and Meister., 1979; Griffith

1982 GSH BSO
GSH HepaRG 100

500 mol/L BSO 96
ATP LDH BSO HepaRG 100 500 mol/L

ATP Cell viability
LDH 200 500 mol/L

Fig. 5-8 (a)-1, (a)-2 BSO 62.5 1000 mol/L
GSH BSO 96 GSH

62.5 1000 mol/L GSH
Fig. 5-8 (b) BSO 100 mol/L 72

24
AFB1 CPA APAP BSO Fig. 5-9
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Figure 5-8 Cytotoxicity and effect of BSO on intracellular GSH content in HepaRG cells after 72 
h exposure of BSO

Cytotoxicity of L-Buthionine-(S,R)-Sulfoximine (BSO) was examined in HepaRG cells to find the dose 
concentration for treatment. HepaRG cells were exposed to BSO for 96 h and cytotoxicity assay were 
evaluated using both ATP assay ((a)-1) and LDH assay ((a)-2). ATP assay was conducted using 
CellTiter-GloTM luminescent cell viability assay. LDH assay was conducted using LDH Cytotoxicity 
Detection Kit. Intracellular GSH content in HepaRG cells after 96 h exposure of BSO were determined 
using GSH-GloTM Glutathione assay (b). Structure of BSO are shown (C).
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Figure 5-9 Effects of GSH biosynthesis inhibitor on cytotoxicity of AFB1, CPA, and APAP in 
HepaRG cells

Cytotoxicity of AFB1, CPA, and APAP was examined in HepaRG cells with or without BSO, a GSH 
biosynthesis inhibitor. Results are white bar for without BSO and black bar for with BSO. HepaRG cells 
were exposed to AFB1(a), CPA(b), and APAP(c) for 72 h with or without BSO (BSO(-) or BSO(+)). 100 

mol/L BSO concentrations were pre-incubated for 24 h before test compound exposure. Cell viability was 
evaluated using CellTiter-GloTM luminescent cell viability assay. Results are normalized to control cells 

and expressed as means S.D. (n 3 cultures). Student's t-tests were conducted at the same concentration 
of test compound with or without BSO (*:p< 0.05, **:p< 0.01, ***p< 0.001).
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5.4 4
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5-10 APAP
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James et al., 2003 APAP
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Figure 5-11  Structure of salicylamide (SAM)

Figure 5-12 Cytotoxicity of SAM for 72 h exposure in HepaRG cells

Cytotoxicity of salicylamide (SAM) was examined in HepaRG cells to find the dose concentration for 
treatment. HepaRG cells were exposed to SAM for 72 h and cytotoxicity assay were evaluated using both 
ATP assay ((a)-1) and LDH assay ((a)-2). ATP assay was conducted using CellTiter-GloTM luminescent cell 

viability assay (n 3 cultures). LDH assay was conducted using LDH Cytotoxicity Detection Kit (n 3
cultures).
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APAP HepaRG
APAP 5 mmol/L 10 mmol/L 5

mmol/L 10 mmol/L APAP BSO SAM

CYP ABT Fig. 5-13
Fig. 5-10 APAP

HepaRG

Figure 5-13 Effects of several enzyme inhibitors on APAP-induced cytotoxicity in HepaRG cells 

Cytotoxicity of APAP was examined in HepaRG cells with or without several enzyme inhibitors. Results 
are black bar for without inihibitor, white bar for with ABT, grey bar for with BSO+SAM and striped bar 
for with ABT+ BSO+SAM. HepaRG cells were exposed to 5 mmol/L or 10 mmol/L APAP for 72 h with or 
without inhibitors ((-), ABT, BSO+SAM, or ABT+ BSO+SAM). BSO concentrations were pre-incubated 
for 24 h before test compound exposure and other inhibitors were treated at the same time of test 

compound exposure (ABT:100 mol/L, BSO:100 mol/L, SAM:500 mol/L). Cell viability was evaluated 
using CellTiter-GloTM luminescent cell viability assay. Results are normalized to control cells and 

expressed as means S.D. (n 5 cultures). Tukey test was conducted (***: p< 0.001, ###: p< 0.001).
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SAM UGT SULT
well APAP 5 mmol/L APAP

APAP
APAP Control ABT SAM

APAP Fig. 5-14

Figure 5-14 Effects of several enzyme inhibitors on metabolism of APAP in HepaRG cells

Metabolites of APAP (APAP-glucronide and APAP-sulfate) in the culture supernatant after APAP exposure 
to HepaRG cells with or without several inhibitors for cytotoxicity assay (Fig. 5-13) were determined. 

Results are expressed as means S.D. (n 5 cultures). BLQ: below lower limit of quantification.
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5.5 5

HepaRG
CYP ABT

AFB1 CPA AFB1 CPA 4
3 CYP

ABT HepaRG CYP
CYP HepaRG

CYP
AFB1 AFB1 exo-8,9 epoxide CPA acrolein

DNA McLean and Dutton., 1995; 
Gallagher et al., 1996; Chang et al., 1997; Gut et al., 2000

GSH Mitchell and Russo., 1987; Lu.,
2013 GSH BSO GSH

Fujimoto et al., 2010 HepaRG GSH
GSH HepaRG AFB1 CPA APAP

AFB1 CPA APAP HepaRG
GSH

APAP
APAP CYP2E1 CYP3A4 CYP1A2 NAPQI

James et al., 2003 ABT CYP2E1
ABT CYP2E1 Ki 8.7 mol/L

Emoto et al., 2003
APAP APAP Control

ABT SAM APAP
GSH ABT+BSO+SAM

GSH CYP NAPQI
GSH

APAP
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6. 6

HepaRG

HepaRG
Gripon et al., 2002; Aninat et al., 2006; Lübberstedt et al., 2011 Gripon

DMSO hydrocortisone

HepG2 Gripon
et al., 2002 HepaRG

HepaRG

3 HepaRG CYP6
CYP1A2 CYP2B6 CYP2C9 CYP2C19 CYP2D6 CYP3A4 2 UGT

SULT 3 HepG2

Fig. 2-4 CYP3A4
lot YEM lot SHM 200

3 Certificate of 
analysis Supplemental table 22

3
HepG2 Wilkening et al., 

2003; Westerink et al., 2007 (a)

SULT
Wilkening et al., 2003;

Westerink et al., 2007 (b) HepG2

3 HepaRG

3
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CYP2B6 CYP2C9 5
CYP3A4 1.9

Table 2-2

HepaRG

HepaRG CYP2D6
poor metabolizer Gripon et al., 2002; Guillouzo et al., 2007

HepaRG CYP2D6 bufuralol
1-hydroxybufuralol

0.514 – 1.03 pmol/min/106cells 5 mol/L bufuralol
3.0 pmol/min/106cells 25 mol/L bufuralol

Lübberstedt et al., 2011 HepaRG

HepaRG Bufuralol Phase II
HepaRG

HepaRG
HepaRG

5 HepaRG
CYP3A4 CYP1A2 CYP2B6 CYP2C9

YEM
AFB1 CPA Fig. 3

AFB1 CPA HepaRG
TAM CYP2D6 CYP2C9

CYP3A4 CYP2B6 CYP2C19 4-hydroxy-TAM
Moorthy et al., 1996; Crewe et al., 1997; Jena et al., 2015 TAM

HepaRG HepaRG
TGZ 3

100 mol/L HepaRG 100 mol/L
Cell viability: 0.3% Fig. 3

HepaRG SULT TGZ
CYP Funk et 
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al., 2001; Saha et al., 2010

in vitro in vivo

HepaRG
AFB1 CPA

DNA p53
HepG2

HepaRG HepG2 p53
p53

HepaRG DNA
HepG2 p53

HepaRG
HepaRG

HepaRG

CYP
CYP ABT HepaRG

ABT AFB1 CPA
CYP

HepaRG
GSH

GSH GSH
GSH BSO HepaRG

GSH AFB1 CPA
APAP
HepaRG

HepaRG APAP
APAP

HepaRG
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CYP CYP

HepaRG

Utkarsh et al., 2016; Parmentier et al., 2018

HepaRG
HepaRG

Teng et al., 2015; Pomponio et al., 
2015 in 
vitro HepaRG

HepaRG
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1.

Sigma-Aldrich
acetaminophen, cyclophosphamide, 7-hydroxycoumarin, 7-hydroxycoumarin-glucuronide, diclofenac, 
caffeine, niflumic acid, 1-aminobenzotriazole, L-buthionine-sulfoximine, acetaminophen-sulfate,
acetaminophen-glucuronide

aflatoxin B1, tamoxifen, phenacetin, midazolam, salicylamide, acetonitrile, methanol, DMSO

Corning Gentest
- -hydroxyl midazolam, 7-hydroxycoumarin-sulfate

Toronto Research Chemicals
-hydroxy mephenytoin, hydroxyl bupropion, bupropion

b -hydroxybufuralol

Enzo Life Sciences, Inc.
S-mephenytoin, troglitazone

2.

LC-MS/MS HPLC; ACQUITY UPLC (Waters), MS/MS; API4000 (Sciex)
Multilabel Counter (1420 ARVO SX, PerkinElmer)
SpectraMax Plus (Molecular Devices, LLC).
NanoDrop ND-1000 spectrophotometer (Asahi Glass Co.,Ltd.)
SpectraMax Plus (Molecular Devices, LLC).
2100 Bioanalyzer (Agilent Technologies)
GeneChip® Fluidics Station 450 (Affymetrix). 
GeneChip® Scanner 3000 (Affymetrix)
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3.

3.1 HepaRG

HepaRG® BIOPREDIC INTERNATIONAL

Medium 670 (BIOPREDIC INTERNATIONAL)
Medium 620 (BIOPREDIC INTERNATIONAL)

Medium 640 (BIOPREDIC INTERNATIONAL)

HepaRG Medium 670 7.2 104 cells/0.1 mL
100 L/well 96 Day 0 CO2

37°C 5% CO2 Day 1 Medium 620 1 /1 3
6

3.2

Cryopreserved Human Hepatocyte Plateable BioreclamationIVT Lot No. SHM, CPQ, YEM
CP Medium® with Torpedo Antibiotic Mix® (1:45, v/v)

3.5 104 cells/0.1 mL 100 L/well
96 CO2 37°C 5% CO2

CoA

Supplemental table

3.3 HepG2

Human hepatocellular carcinoma HepG2 cells American Type Culture Collection
Minimum essential medium 1 mM sodium pyruvate, 0.1 mM non-essential 

amino acids, 2 mM L-glutamine, 10% fetal bovine serum (Life Technologies Inc.).

HepG2 T75 T225 flask 80% confluence
0.25% trypsin/0.02% ethylenediaminetetraacetic acid (EDTA) solution 

(Sigma-Aldrich) 7 × 104 cells/0.1 mL 100 L/well 96
CO2 37°C 5% CO2
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Supplemental table: Summary of Lot Characterization Results of human hepatocytes

PHEN:Phenacetin-O-deethylation, COUM:Coumarin hydroxylation, TOLB: Tolbutamide 4'-methyl-hydroxylation, 
MEPH:Mephenytoin 4'-hydroxylation, DEX:Dextromethorphan-O-Demethylation, CZX:Chlorzoxazone 6-hydroxylation,
TEST:Teststerone 6-beta-hydroxylation, ECOD:7-Ethoxycoumarin-O-deethylation,
7-HCG:7-hydroxycoumarin glucronidation, 7-HCS:7-hydroxycoumarin sulfation
Substrate concentration are unknown.

MAX, MIN, AVERAGE values were calculated using the results of 22 donor lots in the Certificate of Analysis.

CYP1A2 CYP2A6 CYP2C9 CYP2C19 CYP2D6 CYP2E1 CYP3A4 CYP1A2/2E1 UGT/ST CGT/ST
PHEN COUM TOLB MEPH DEX CZX TEST ECOD 7-HCG 7-HCS

YEM 15.5 107.0 37.5 8.0 1.8 71.7 129.0 154.0 415.0 18.6
CPQ 18.0 105.0 36.4 17.8 32.1 49.9 95.2 78.0 440.0 41.0
SHM 4.0 26.0 9.0 2.0 65.0 54.0 15.0 27.0 347.0 52.0

MAX 57.2 127.0 92.8 29.0 76.0 81.6 154 560 558 62.6
AVERAGE 20.3 62.0 30.1 11.4 25.2 37.0 66.5 81.1 360 31.5

MIN 2.0 2.8 8.0 0.2 0.4 8.0 10.9 9.0 15.0 5.0

Activity (pmol/106 cells/min)
Lot No.
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4.

4.1

HepaRG 7.2 × 104 cells/0.1 mL per well/96 well plate
3.5 × 104 cells/0.1 mL per well/96 well plate HepG2 7 × 104 cells/0.1 mL 

per well/96 well plate
HepaRG Medium 640 CP Medium®

with Torpedo Antibiotic Mix®(1:45, v/v) HepG2 Minimum essential medium
40 M phenacetin, 50 M bupropion, 5 M diclofenac, 100 M

S-mephenytoin, 5 M bufuralol, 5 M midazolam, and 100 M 7-hydroxycoumarin
37°C 60 60 100 L 2 M caffeine MeCN 50 L

80°C
1 M niflumic acid (Negative ion mode IS)

Dry up Water/acetonitrile/methanol (9/5/1, v/v/v)
LC-MS/MS

LC-MS/MS [Waters ACQUITY UPLC interfaced with an API4000 (Sciex)] 
A 0.1% (v/v) acetic acid in water B acetonitrile. 
UPLC ACQUITY HSS T3 column (2.1 × 50 mm, 1.8- m; Waters)

40°C
0.4 mL/min

A/B = 99/1, 99/1, 10/90, 2/98, 2/98, 99/1, and 99/1 (at 0, 0.4, 2.0, 2.2, 2.6, 2.61, and 4.0 min).

Q1/Q3 (m/z) transition
Q1/Q3 (m/z), mode

Phenacetin O-deethylase activity (CYP1A2) APAP 152/110, +
Bupropion hydroxylase activity(CYP2B6) hydroxybupropion 256/238, +
Diclofenac 4 -hydroxylase activity (CYP2C9) 4 -hydroxydiclofenac 312/231, +
S- -hydroxylase activity (CYP2C19) 4 -hydroxymephenytoin 235/150,+
Bufuralol 1 -hydroxylase activity (CYP2D6) 1 -hydroxybufuralol 278/186, +
Midazolam 1 -hydroxylase activity (CYP3A4) 1 -hydroxymidazolam 342/324, +
7-hydroxycoumarin glucuronidation activity (UGT) 7-HC-glucuronide 339/163, +
7-hydroxycoumarin sulfation activity activity (SULT) 7-HC-sulfate 241/161, 
Internal standard (IS ) for positive mode caffeine 195/138, +
Internal standard (IS ) for negative mode niflumic acid 281/237, 
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4.2 APAP

HepaRG 7.2 × 104 cells/0.1 mL per well/96 well plate APAP
72 80°C

10 L 2 M caffeine (IS) acetonitrile/methanol (5/1, v/v) 200 L
filteration (0.45 m) 300 L LC-MS/MS

LC-MS/MS [Waters ACQUITY UPLC interfaced with an API4000 (Sciex)] 
A Water/formic acid (1000/1, v/v) B Acetonitrile/formic acid (1000/1, v/v)
UPLC ACQUITY HSS T3 column (2.1 × 50 mm, 1.8- m; Waters)

40°C
0.4 mL/min

A/B = 99/1, 99/1, 10/90, 2/98, 2/98, 99/1, 99/1 (at 0, 0.4, 2.0, 2.2, 2.6, 2.61, 4.0 min).

Q1/Q3 (m/z) transition
Q1/Q3 (m/z), mode

7-APAP-glucuronide 328/152, +
7-APAP-sulfate 232/152, +
caffeine 195/138, +
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4.3

HepaRG 7.2 × 104 cells/0.1 mL per well/96 well plate
3.5 × 104 cells/0.1 mL per well/96 well plate

HepaRG Medium 640 CP Medium®

with Torpedo Antibiotic Mix®(1:45, v/v) DMSO 200
200 CPA

48 72 5 3, 4 HepaRG
ATP assay Cell viability

ABT:100 M HepaRG /500 M
BSO:100 M 24
SAM:500 M DMSO 0.025%



49

4.4

4.4.1 RNA

HepG2 1 × 105 cells/1 mL per well/24 well plate
AFB1 CPA 1 mL 24
HepaRG 48 × 104 cells/0.5 mL per well/24 well plate Medium 670

Medium 620 6 CPA Medium 640 24
HepaRG 0.45 × 106 cells/ cm2/24 well plate

Medium 630 2 Medium 620 5 AFB1 Medium 630
24

Total RNA RNeasy Mini Kit (QIAGEN)
60% Total RNA

N=1

4.4.2 DNA

Total RNA A260/A280 NanoDrop ND-1000 spectrophotometer (Asahi 
Glass Co.,Ltd.) RNA integrity number (RIN) 2100 Bioanalyzer (Agilent 
Technologies) RNA A260/A280>1.6
RIN>8 Biotin-labeled cRNA GeneChip® HT One-Cycle cDNA Synthesis Kit (Affymetrix)
GeneChip® HT IVT Labeling Kit (Affymetrix) GeneChip®

GeneChip® Human Genome U133 Plus 2.0 
Array (Affymetrix) GeneChip® Hybridization, Wash, 
and Stain Kit (Affymetrix) GeneChip® Fluidics Station 450 (Affymetrix)

GeneChip® Scanner 3000 (Affymetrix)
Expression Console Ver.1.1 (Affymetrix) GAPDH
ratio> 3 GeneChip MAS 5.0 algorithm with the 
GeneSpring GX (Agilent Technologies) vehicle control

fold-change upregulated downregulated
fold change fold change< 0.5 Spotfire 

DecisionSite 9.1.1 TIBCO Software UPGMA
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4.5

4.5.1

100 L lysis buffer (CelLyticTM M, Sigma-Aldrich)
well Lysate Laysate PierceTM BCA Protein Assay Kit 

(Thermo Fisher Scientific, Waltham, MA, USA)
SpectraMax Plus

4.5.2 ATP assay

ATP CellTiter-GloTM luminescent Cell Viability Assay (Promega)
luminescence Multilabel 

Counter (1420 ARVO SX, PerkinElme) IC50 values SOFTMax Pro (Molecular 
Devices)

4.5.3 LDH assay

LDH LDH Cytotoxicity Detection Kit TaKaRa
Microplate Reader (SpectraMax 

Plus384, MDS)

4.5.4 GSH assay

GSH GSH-GloTM Glutathione assay (Promega)
luminescence Multilabel Counter (1420 ARVO 

SX, PerkinElme)
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