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ABCD3; ATP binding cassette subfamily D member 3 
ACAA1; acetyl-Coenzyme A acyltransferase 1 
ACOX1; acyl-CoA oxidase 1 
ACSL1; acyl-CoA synthetase long-chain family member 1 
ACSS2; acyl-CoA synthetase short-chain family member 2 
AHR; aryl hydrocarbon receptor 
AICAR; 5-aminoimidazole-4-carboxamide-1-β-D-ribofuranoside 
AKT (PKB); v-akt murine thymoma viral oncogene homolog (protein kinase B) 
ANOVA; analysis of variance 
ASH; alcoholic steatohepatitis 
ATP; adenosine triphosphate 
CD36; cluster of differentiation 36 
CDK5; cyclin-dependent kinase 5 
CoA; coenzyme A 
CXCR4; C-X-C chemokine receptor type 4 
CYP; cytochrome p450 
DEG; differential expression gene 
DILI; drug-induced liver injury 
DMEM; dulbecco’s modified eagle medium 
DMSO; dimethyl sulfoxide 
DW; distilled water 
EDN1; endothelin 1 
EGF; epidermal growth factor 
EHHADH; enoyl-CoA hydratase and 3-hydroxyacyl CoA dehydrogenase 
ErbB2 (HER2); EGF receptor family 2 (human epidermal growth factor receptor 2) 
ErbB3 (HER3); EGF receptor family 3 (human epidermal growth factor receptor 3) 
ErbB4 (HER4); EGF receptor family 4 (human epidermal growth factor receptor 4); 
ErbB; EGF receptor family 
FA; fatty acid 
FAO; fatty acid β-oxidation 
FATP; fatty acid transporter protein 
FBS; fetal bovine serum 
FLT3; fms like tyrosine kinase 3 
FXR; farnesoid X receptor 
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GH; growth hormone 
GTP; guanosine triphosphate 
hAlb; human albumin 
HEPES; 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid 
HGF; hepatocyte growth factor 
HIF; hypoxia-inducible factor 
HMGB1; high-mobility group protein 1 
IGF-1; insulin-like growth factor 1 
IL 3; interleukin-3 
IL 8; interleukin-8 
IL 9; interleukin-9 
IL-1; interleukin-1 
IL15; interleukin-15 
IL33; interleukin-33 
ILK; integrin-linked kinase 
IPA; ingenuity pathway analysis 
JAK; Janus kinase 
KLF6; krüppel like factor 6 
LCFA; long-chain fatty acids 
LPS; lipopolysaccharide 
LXR; liver X receptor 
MAPK; mitogen-activated protein kinase 
MCFA; medium-chain fatty acids 
MEOX2; mesenchyme homeobox 2 
NAD; nicotinamide adenine dinucleotide 
NASH; nonalcoholic steatohepatitis 
NAFLD; nonalcoholic fatty liver disease 
NR2F2; nuclear receptor subfamily 2 group F member 2 
NRF2; nuclear factor erythroid 2-related factor 2 
PAK; p21-activated kinase 
PBS; phosphate-buffered saline 
PDGF; platelet-derived growth factor 
PDK4; pyruvate dehydrogenase kinase 4 
PEDF; pigment epithelium-derived factor 
PI3K; phosphoinositide 3-kinase 
PLIN2; perilipin 2 
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PPARα; peroxisome proliferator-activated receptor alpha 
PPARγ; peroxisome proliferator-activated receptor gamma 
PTEN; phosphatase and tensin homolog deleted from chromosome 10 
PXR; pregnane X receptor 
QRFP; pyroglutamylated RFamide peptide 
RXR; retinoid X receptor 
Rac; ras-related C3 botulinum toxin substrate 
Ras; rat sarcoma 
Rho; ras homology 
S.D.; standard deviation 
SCARB1; scavenger receptor class B member 1 
SCFA; short-chain fatty acids 
SCID; severe combined immunodeficient 
SLC27A1; solute carrier family 27 member 1 
SLC27A5; solute carrier family 27 member 5 
SLCO1B3; solute carrier organic anion transporter family member 1B3 
STAT3; signal transducer and activator of transcription 3 
STAT; signal transduction and activator of transcription 
TG; triglyceride 
TGF-β; transforming growth factor β 
uPA; urokinase-type plasminogen activator 
USP7; ubiquitin specific peptidase 7 
UVA; ultraviolet A 
UVC; ultraviolet C 
VLCFA; very long-chain fatty acids 
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5%  (Pirmoazen et al., 2020)
alcoholic steatohepatitis (ASH) nonalcoholic steatohepatitis (NASH) 

2  (Joshi-Barve et al., 2015)

cytochrome P450 (CYP) 2E1

 (Rocco et al., 2014)

 (Klaunig et al., 2018; Rives et al., 2020)
 (nonalcoholic fatty liver disease; NAFLD) 

 (Younossi et al., 2016) NAFLD

NAFLD NAFLD 10% NASH
NASH 15 25%

 (Rinella and Sanyal, 2016) NAFLD 25%
 (Younossi et al., 2016) 2016 2,000

NAFLD  (Estes 
et al., 2018) NASH NAFLD

 
 

 (Drug-induced liver injury; DILI) 
 (Hornberg et al., 2014)

DILI 1 DILI 30  (Kleiner 
et al., 2014; Miele et al., 2017) NAFLD 1

NAFLD
 (Farrell and Larter, 2006)
NAFLD

 (Benet et al., 2014)

DILI  (Albrecht et al., 
2019)  
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 (PXB-mice®) 
urokinase-type plasminogen activator/severe 

combined immunodeficient (uPA/SCID) mice
 (Tateno et al, 2015; Tateno and Kojima, 2020) PXB-mice®

80%
 (Katoh et al., 2005; Nishimura et al., 2005)

 
(Ohtsuki et al., 2014)

 
DILI  (Kakuni et al., 2012; 
Yamazaki et al., 2016; Sato et al., 2022)

 (PXB-cells®) DILI in vitro
 (Ikeyama et al., 2020; Yamasaki et al., 2020)

in vivo in vitro
 

 
PXB-mice®  (Tateno et al. 2011)

PXB-cells®  (Ikeyama et al., 2020) PXB-mice®

NASH
 (Kisoh et al., 2021) HepG2 HuH-7

PXB-cells®

 (Hata et al., 2020)  PXB-
mice® PXB-cells®

in vivo in vitro  
 

microvesicular steatosis macrovesicular steatosis
 (Kristiansen et al., 2019) microvesicular steatosis

 (Miele et al., 2017) β  (Fatty acid β-oxidation; FAO) 

 (Triglyceride; TG)  
(Fromenty and Pessayre, 1995)

microvesicular steatosis
 (Miele et al., 2017) macrovesicular steatosis

 (Miele 
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et al., 2017) FAO
TG Apolipoprotein B de novo

 (Lauressergues et al., 2010; Lettéron et 
al., 2003)
macrovesicular steatosis  (Miele et al., 2017)

PXB-mice® PXB-cells® DILI

 
 

 PXB-mice®  
(growth hormone; GH) 

 (Tateno and Kojima. 2020) Human GH
 (Tateno et al. 2011)

PXB-cells®

PXB-cells®

 
 

ATP NADH
 (Raymond and Segrè, 2006)

40-90 pmol/s/cm2  (Stevens, 1965)
20%

- 17 
pmol/s/cm2

 (Sakai et al., 2012)
20% 80%

 (Liu et al., 2016)

 (hypoxia-inducible factor; HIF) 
 (Choudhry and Harris, 2018)

1% HIF-1α HIF-2α
peroxisome proliferator-activated receptor alpha (PPARα) FAO

HepG2  (Liu et al., 2014)
20%
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20%

 (Fig. 1)  
 

(Stéphenne et al., 2007; Wagner et al., 2011)
40%  (Ikeyama et al., 

2020)

FAO PXB-cells® in vivo

 (Fig. 1)  
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FFigure 1. Outline of the present study. 
 Lipids are accumulated in the chimeric mouse hepatocytes, which may reduce the 
predictability of DILI. Normal culture conditions may be anaerobic for chimeric 
mouse hepatocytes and may reduce lipid metabolic capacity, especially FAO activity. 
In the present study, we focused on the potential of hyperoxic culture to reduce 
accumulated lipids and investigated the usefulness of the hyperoxic culture system 
to quantitatively and qualitatively evaluate DILI, especially drug-induced fatty liver. 
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 (PXB-mice®)  (PXB-cells®) 
20% : 5% CO2 95% atmosphere 40%

: 5% CO2 40% O2 55% N2

 (Fig. 2)  
 
 

 
 
Figure 2. Study design in the chapter. 
 The effects of hyperoxic culture conditions on cellular response pathways, including 
the regulation of accumulated lipid levels, were evaluated in chimeric mouse 
hepatocytes. 

 

in vivo-derived lipids

20% O

40% O
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20% 40%
10 in vivo Oil Red O

 (Fig. 3, 4)  
 

 (Fig. 3, d0)
20% 40% 7

 (Fig. 3)  
 

Oil Red O
20% 40%

7 Oil Red O  
(Fig. 4A) Oil Red O 40%

7 20%
7 10  (Fig. 4B)  
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FFigure 3. Fluctuations of lipid droplets accumulated in chimeric mouse hepatocytes 
cultured under each oxygen condition. 
Chimeric mouse hepatocytes were cultured in a 24-microwell plate under each 

oxygen condition. Representative microscopic images of pooled hepatocytes isolated 
from three chimeric mice cultured under each oxygen condition are shown (×20 
magnification).  
 
 

 
 
Figure 4. Evaluation of lipid droplet changes in chimeric mouse hepatocytes cultured 
under each oxygen condition by Oil Red O staining. 
Isolated hepatocytes from three chimeric mice were cultured in a 96-microwell plate 

under each oxygen condition. A) Representative Oil Red O stained images of chimeric 
mouse hepatocytes cultured under each oxygen condition during culture periods (×20 
magnification). B) Quantitation of dye amounts extracted from chimeric mouse 
hepatocytes after Oil Red O staining. Two-way ANOVA showed a statistical 
difference in oxygen conditions and different culture periods. No interaction effect 



12 

was detected between oxygen conditions and culture periods. All results are 
expressed as mean ± S.D., (n = 3) *p < 0.05, **p < 0.01 compared to day 0, #p < 0.05 
compared to 20% oxygen conditions on the same day.  
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 TG  
 

20% 40%
10 TG Cholestest® TG  (Sekisui Medical Co., Ltd.) 

 (Fig. 5)  
 

40% 7 TG
20% 7 10 TG

 (Fig. 5A) 40%
TG 20%  (Fig. 5B)
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FFigure 5. Changes of TG levels in chimeric mouse hepatocytes or culture 
supernatants under each oxygen condition. 
Isolated hepatocytes from three chimeric mice were cultured in a 96-microwell plate 

under each oxygen condition. A) The intracellular TG levels of chimeric mice 
hepatocytes cultured under each oxygen condition during culture periods. B) The TG 
levels in the culture supernatants under each oxygen condition during culture 
periods. Two-way ANOVA showed a statistical difference in oxygen conditions and 
different culture periods. No interaction effect was detected between oxygen 
conditions and culture periods. All results are expressed as mean ± S.D., (n = 3) *p < 
0.05, **p < 0.01, ***p < 0.001 compared to day 0, #p < 0.05, ##p < 0.01 compared to 
20% oxygen conditions on the same day. 
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2 40%
in vivo  (Fig. 3-5)  

 
20% 40%

FAO microarray Ingenuity Pathway Analysis (IPA)® (Qiagen N. 
V.) in 
vivo  
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 FAO  
 

FAO FAOBlue   
(Uchinomiya et al., 2020) FAO

 (Fig. 6)  
 

FAO FAO
5-aminoimidazole-4-carboxamide-1-β-D-ribofuranoside (AICAR)  

(Smith et al., 2005) FAO  (Fig. 7) 20%
3 AICAR

FAOBlue FAO
 (Fig. 7B)  

 
20% 40%

10 FAO FAO
40% 7

FAO 20%
10 FAO 7 20%

40% FAO  (Fig. 8)  
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FFigure 6. Principle of mitochondrial FAO activity measurement using FAOBlue. 
 FAOBlue is a fluorescent probe consisting of nonanoic acid with a fluorescent dye, 
a coumarin derivative. FAOBlue is taken up into the cell and underwent FAO mainly 
in the mitochondria, causing the entire cell to emit blue fluorescence. 
 
 

 
Figure 7. Establishment of a quantitative evaluation system for FAO activity using 
AICAR.  
Isolated hepatocytes from three chimeric mice were cultured in a 96-microwell plate 

under 20% oxygen conditions for 3 days. A) Chemical structure of AICAR. B) FAO 
activity in chimeric mouse hepatocytes was measured under 20% oxygen conditions. 
Results are expressed as mean ± S.D., (n = 3). 
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FFigure 8. Changes in FAO activity in chimeric mouse hepatocytes under 20% or 40% 
oxygen culture condition.  
Isolated hepatocytes from three chimeric mice were cultured in a 96-microwell plate 

under 20% or 40% oxygen conditions. The FAO activities in hepatocytes were 
measured under each oxygen condition. Two-way ANOVA showed a statistical 
difference in oxygen conditions and different culture periods. No interaction effect 
was detected between oxygen conditions and culture periods. All results are 
expressed as mean ± S.D., (n = 3) *p < 0.05, **p < 0.01 compared to hepatocytes on 
day 3 of culture under each oxygen condition, ##p < 0.01 compared to 20% oxygen 
conditions on the same day. 
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40% FAO 
microarray IPA 

IPA microarray RNA-sequencing proteomics metabolomics
polymerase chain reaction

 (Krämer et al., 
2014) Microarray  7 

 
(Fig. 9)  

 
Canonical pathway Fig. 9

Z score
 (Carey and Delaney, 

2010)  (Krämer et al., 
2014) 20% 40%

 (Z score < -2 p < 0.05) 
 (Z score > 2 p < 0.05) 

20% 7
40% 7

 (Fig. 9)  
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FFigure 9. Summary of lipid metabolism-related canonical pathways. 
 Changes in mRNA gene clusters were compared between three batches of pooled 
isolated hepatocytes (day 0, suspension) from 2-4 chimeric mice and three batches of 
pooled cultured hepatocytes (day 7) from 2-4 chimeric mice under each oxygen 
condition. Each number represents the Z-score, a statistical measure of the degree 
of consistency between the direction of the predicted gene-pathway relationship and 
the observed gene expression alterations. A Z-score >2 or <-2 was considered 
significant, and blue (inhibited) shades indicated differences in the magnitude of 
values. N/A; data not available. PXR; pregnane X receptor, LXR; liver X receptor, 
RXR; retinoid X receptor, PPARα; peroxisome proliferator-activated receptor alpha, 
AHR; aryl hydrocarbon receptor. 

 

Lipid Metabolism-related Canonical Pathways Z Score of 40% O2 Z Score of 20% O2

Xenobiotic Metabolism PXR Signaling Pathway -4.009 -3.641
LXR/RXR Activation -3.683 -3.212
PPARα/RXRα Activation -3.363 -3.182
Ethanol Degradation II -2.714 -2.714
PPAR Signaling -2.556 -0.853
Acetone Degradation I (to Methylglyoxal) -2.138 -1.387
Triacylglycerol Degradation -2.138 -2.496
Fatty Acid Activation -2.121 -1.633
Ketogenesis -2.000 N/A
Xenobiotic Metabolism AHR Signaling Pathway -1.961 -3.138
Ketolysis -1.000 N/A
Triacylglycerol Biosynthesis -0.832 -0.905
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canonical pathway
20% 40% 7

 (Fig. 9)
 (Fig. 10)  

 
20% 40% 7
uptake of lipid uptake of fatty acid fatty acid metabolism

synthesis of lipid oxidation of lipid  (Fig. 10) Metabolism of 
amino acids synthesis of amino acids 40% 7

transport of molecule  interaction of 
endothelial cells  secretion of molecule  binding of endothelial cells  interaction 
of blood cells  phosphorylation of protein  and cell cycle progression 20%

7 40%
inflammation of organ cancer of cells morbidity or mortality

20% 7
 (Fig. 10)  
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FFigure 10. Summary of IPA-based diseases and bio functions.  
Changes in mRNA gene clusters were compared between three batches of pooled 

isolated hepatocytes (day 0, suspension) from 2-4 chimeric mice and three batches of 
pooled cultured hepatocytes (day 7) from 2-4 chimeric mice under each oxygen 
condition. Each number represents the Z-score, a statistical measure of the degree 
of consistency between the direction of the predicted gene-pathway relationship and 
the observed gene expression alterations. A Z-score >2 or <-2 was considered 
significant, and orange (activated) and blue (inhibited) shades indicated differences 
in the magnitude of values, respectively. N/A; data not available. 

 

Diseases and Bio Functions Z score of 40% O2 Z score of 20% O2
Uptake of lipid -3.084 -2.763
Uptake of fatty acid -3.064 N/A
Fatty acid metabolism -2.580 -1.664
Synthesis of terpenoid -2.339 N/A
Synthesis of lipid -2.185 -1.369
Metabolism of terpenoid -2.088 -1.584
Quantity of carbohydrate -2.079 -2.033
Transport of carboxylic acid -1.674 -1.174
Synthesis of steroid -1.736 N/A
Metabolism of acylglycerol -1.708 N/A
Transport of fatty acid -1.626 -0.992
Metabolism of amino acids -2.895 -1.456
Synthesis of amino acids -2.097 -1.489
Progressive neurological disorder -2.506 N/A
Aggregation of cells -2.668 N/A
Transport of molecule -1.743 -2.043
Interaction of endothelial cells -1.741 -2.660
Secretion of molecule -1.738 -2.101
Binding of endothelial cells -1.652 -2.590
Interaction of blood cells -1.165 -2.277
Phosphorylation of protein N/A -2.489
Cell cycle progression N/A -2.199
Oxidation of lipid -2.874 -2.154
Cell death of liver cells -1.796 -2.681
Inflammation of organ 1.348 2.706
Cancer of cells 1.739 2.436
Morbidity or mortality 0.076 2.112
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IPA microarray
 (Fig. 11)  

 
Microarray acyl-CoA oxidase 1 (ACOX1) CYP4A11 ATP binding cassette 

subfamily D member 3 (ABCD3)  pyruvate dehydrogenase kinase 4 (PDK4) acetyl-
Coenzyme A acyltransferase 1 (ACAA1)  solute carrier family 27 member 1 
(SLC27A1) peroxisome proliferator-activated receptor gamma (PPARG) cluster of 
differentiation 36 (CD36) acyl-CoA synthetase long-chain family member 1 (ACSL1) 

enoyl-CoA hydratase 
and 3-hydroxyacyl CoA dehydrogenase (EHHADH) pyroglutamylated 
RFamide peptide (QRFP) 40%
oxidation of lipid fatty acid metabolism uptake of fatty acid

 (Fig. 11A)  
 

Mesenchyme homeobox 2 (MEOX2)  ubiquitin-specific peptidase 7 (USP7)  
interleukin-33 (IL33)  acyl-CoA synthetase short-chain family member 2 (ACSS2)  
krüppel-like factor 6 (KLF6)  nuclear receptor subfamily 2 group F member 2 
(NR2F2) farnesoid X receptor (FXR) ligand-FXR-Retinoic acid-retinoid X receptor 
(RXR) α endothelin 1 (EDN1)  CD36  perilipin 2 (PLIN2)  PPARG  IL15  
scavenger receptor class B member 1 (SCARB1)  PPARA  solute carrier organic 
anion transporter family member 1B3 (SLCO1B3) solute carrier family 27 member 
5 (SLC27A5)  40%

uptake of fatty acid
 (Fig. 11B)  
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FFigure 11. Estimation of upstream regulators and mechanistic networks for 
biological functions using IPA.  
Using IPA-based diseases and bio functions analysis, differences in mRNA 

expression between hepatocytes cultured on day 0 and day 7 under each oxygen were 
assessed, these differences are displayed as nodes (genes) and edges (biological 
relationships). The edge connecting the gene and each function indicates the 
relationship predicted based on the directional information encoded by the gene 
expression (blue, inhibited; gray, unpredictable) and the Z-score. A) Estimation of 
mechanistic networks for lipid oxidation, fatty acid metabolism, and fatty acid 
uptake, B) Uptake of fatty acid. EHHADH; enoyl-CoA hydratase and 3-hydroxyacyl 
CoA dehydrogenase, QRFP; pyroglutamylated RFamide peptide, ACOX1; acyl-CoA 
oxidase 1, CYP4A11; cytochrome P450 4 subfamily A member 11, ABCD3; ATP 
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binding cassette subfamily D member 3, PDK4; pyruvate dehydrogenase kinase 4, 
ACAA1; acetyl-Coenzyme A acyltransferase 1, SLC27A1; solute carrier family 27 
member 1, PPARG; peroxisome proliferator-activated receptor gamma, CD36; 
cluster of differentiation 36, ACSL1; acyl-CoA synthetase long-chain family member 
1, MEOX2; mesenchyme homeobox 2, USP7; ubiquitin-specific peptidase 7, IL33; 
interleukin-33, ACSS2; acyl-CoA synthetase short-chain family member 2, KLF6; 
krüppel-like factor 6, NR2F2; nuclear receptor subfamily 2 group F member 2, 
farnesoid X receptor (FXR) ligand-FXR- RXRα, EDN1; endothelin 1, PLIN2; perilipin 
2, IL15; interleukin-15, SCARB11; scavenger receptor class B member 1, PPARA; 
peroxisome proliferator-activated receptor α, SLCO1B3; solute carrier organic anion 
transporter family member 1B3, SLC27A5; solute carrier family 27 member 5. 
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IPA 40% uptake of 
fatty acid  (Fig. 11B)

20% 40% 10
4,4-difluoro-5,7-dimethyl-4-bora-3a,4a-diaza-s-indacene-3-

hexadecanoic acid (BODIPYTM FL C16) 
 (Fig. 12)  

 
20% 40%

7 7
20% 40%

 (Fig. 12)  
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FFigure 12. Fluctuations of BODIPYTM FL C16 uptake activity in chimeric mouse 
hepatocytes cultured under 20% or 40% oxygen conditions.  
Isolated hepatocytes from three chimeric mice were cultured in a 96-microwell plate 

under 20% or 40% oxygen conditions. The BODIPYTM FL C16 uptake activities in 
hepatocytes were measured under each oxygen condition. Two-way ANOVA showed 
a statistical difference in different culture periods. No interaction effect was detected 
between oxygen conditions and culture periods. All results are expressed as mean ± 
S.D., (n = 3) **p < 0.01, ***p < 0.001 compared to hepatocytes on day 3 of culture 
under each oxygen condition, #p < 0.05 compared to 20% oxygen conditions on the 
same day. 
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3 in vivo FAO

 (Fig. 8) microarray IPA 40%

 (Fig. 9-12)  
 

 7 
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IPA

40% 7
high-mobility group protein 1 (HMGB1) 

signaling nuclear factor erythroid 2-related factor 2 (NRF2)-mediated oxidative 
stress response senescence pathway 20%

 (Fig. 13)
20% 7 hypoxia signaling in 
the cardiovascular system  (Fig. 13)  

 
40%

20%
 (Fig. 13)

ATP 40%
20% ATP

 (Fig. 14)  
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Figure 13. Summary of cellular stress and injury response-related canonical 
pathways. 
 Changes in mRNA gene clusters were compared between three batches of pooled 
isolated hepatocytes (day 0) from 2-4 chimeric mice and three batches of pooled 
cultured hepatocytes (day 7) from 2-4 chimeric mice under each oxygen condition. 
Each number represents the Z-score, a statistical measure of the degree of 
consistency between the direction of the predicted gene-pathway relationship and 
the observed gene expression alterations. A Z-score >2 or <-2 was considered 
significant, and orange (activated) shades indicated differences in the magnitude of 
values. anot significant compared to day 0. N/A; data not available. HMGB1; high-
mobility group protein 1, NRF2; nuclear factor erythroid 2-related factor 2, HIF; 
hypoxia-inducible factor 1α, UVA; ultraviolet A, UVC; ultraviolet C, MAPK; mitogen-
activated protein kinase.  
 
 

 

 
Figure 14. Fluctuations of ATP contents in chimeric mouse hepatocytes under each 
oxygen condition.  
Isolated hepatocytes from three chimeric mice were cultured in a 96-microwell plate 

under 20% or 40% oxygen conditions. Two-way ANOVA showed no statistical 
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difference in oxygen conditions and different culture periods. No interaction effect 
was detected between oxygen conditions and culture periods. Results are expressed 
as mean ± S.D., (n = 3). 
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IPA

40% 7
histidine degradation VI 20%

 (Fig. 15)  
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FFigure 15. Summary of amino acid metabolism-related canonical pathways.  
Changes in mRNA gene clusters were compared between three batches of pooled 

isolated hepatocytes (day 0) from 2-4 chimeric mice and three batches of pooled 
cultured hepatocytes (day 7) from 2-4 chimeric mice under each oxygen condition. 
Each number represents the Z-score, a statistical measure of the degree of 
consistency between the direction of the predicted gene-pathway relationship and 
the observed gene expression alterations. A Z-score >2 or <-2 was considered 
significant, and blue (inhibited) shades indicated differences in the magnitude of 
values. N/A; data not available. 
 
 

 

Amino Acid Metabolism-related Canonical Pathways Z Score of 40% O2 Z Score of 20% O2

Arginine Biosynthesis IV -2.000 -2.236
Histidine Degradation VI -2.111 -1.897
Arginine Degradation I (Arginase Pathway) -1.000 N/A
Arginine Degradation VI (Arginase 2 Pathway) -1.000 -1.000
Citrulline Biosynthesis -0.707 -1.134
Cysteine Biosynthesis III (mammalia) -0.333 -0.447
Folate Transformations I 0.447 N/A
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IPA

40% 7

gluconeogenesis I 20% 7
20% 7

glycolysis I  (Fig. 16)  
 
20% 7

40%  
(Fig. 16)

20% 40%
7

 (Fig. 17)  
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FFigure 16. Summary of glucose metabolism-related canonical pathways and diseases 
and bio functions.  
Changes in mRNA gene clusters were compared between three batches of pooled 

isolated hepatocytes (day 0) from 2-4 chimeric mice and three batches of pooled 
cultured hepatocytes (day 7) from 2-4 chimeric mice under each oxygen condition. 
Each number represents the Z-score, a statistical measure of the degree of 
consistency between the direction of the predicted gene-pathway relationship and 
the observed gene expression alterations. A Z-score >2 or <-2 was considered 
significant, and orange (activated) shades indicated differences in the magnitude of 
values.  
 
 

 
 
Figure 17. Glucose consumption and lactate secretion under each oxygen condition.  
Isolated hepatocytes from three chimeric mice were cultured in a 96-microwell plate 

under 20% or 40% oxygen conditions for 7 days. A) Glucose consumption by 
hepatocytes cultured under each oxygen condition. B) Lactate secretion to culture 
medium under each oxygen condition. Statistical significance was analyzed using 
Student’s t-test. Statistical significance was set at p < 0.05. All results are expressed 
as mean ± S.D., (n = 3) ##p < 0.01 compared to 20% oxygen conditions. 

 

Glucose Metabolism-related Canonical Pathways Z Score of 40% O2 Z Score of 20% O2

Gluconeogenesis I 0.707 2.111
Glycolysis I 0.000 1.732
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IPA

20% 7
phosphoinositide 3-kinase (PI3K)/ 

v-akt murine thymoma viral oncogene homolog (AKT) signaling epidermal growth 
factor (EGF) receptor family (ErbB) signaling ErbB2-ErbB3 signaling ErbB4 
signaling oncostatin M signaling 40% 7

 (Fig. 18)  
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FFigure 18. Summary of cellular growth, proliferation-related canonical pathways 
and diseases and bio functions.  
Changes in mRNA gene clusters were compared between three batches of pooled 

isolated hepatocytes (day 0) from 2-4 chimeric mice and three batches of pooled 
cultured hepatocytes (day 7) from 2-4 chimeric mice under each oxygen condition. 
Each number represents the Z-score, a statistical measure of the degree of 
consistency between the direction of the predicted gene-pathway relationship and 
the observed gene expression alterations. A Z-score >2 or <-2 was considered 
significant, and orange (activated) shades indicated differences in the magnitude of 
values. PI3K; phosphoinositide 3-kinase, AKT; v-akt murine thymoma viral 
oncogene homolog, ErbB; epidermal growth factor (EGF) receptor family, ErbB2; 
EGF receptor family 2, ErbB3; EGF receptor family 3, ErbB4; EGF receptor family 
4, TGF-β; transforming growth factor β, CDK5; cyclin-dependent kinase 5, PDGF; 
platelet-derived growth factor, HGF; hepatocyte growth factor, IGF-1; insulin-like 
growth factor 1, STAT3; signal transducer and activator of transcription 3, PEDF; 
pigment epithelium-derived factor. 
 
 

 

Cellular Growth, Proliferation-related Canonical
Pathways Z Score of 40% O2 Z Score of 20% O2

PI3K/AKT Signaling 2.828 1.460
ErbB Signaling 2.200 1.213
ErbB2-ErbB3 Signaling 2.183 1.508
ErbB4 Signaling 2.065 1.387
Oncostatin M Signaling 2.496 1.134
TGF-β Signaling 1.964 1.500
Thrombopoietin Signaling 1.225 0.728
CDK5 Signaling 1.706 -0.209
Angiopoietin Signaling 1.698 0.577
Renin-Angiotensin Signaling 1.732 0.688
PDGF Signaling 0.392 -0.471
HGF Signaling 0.962 0.447
IGF-1 Signaling 0.209 -0.277
STAT3 Pathway 0.324 0.180
PEDF Signaling -0.200 -0.728
Erythropoietin Signaling -0.152 -0.493
Growth Hormone Signaling -1.460 -1.213
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IPA

20% 7 C-X-C chemokine 
receptor type 4 (CXCR4) signaling interferon signaling

40% 7
CXCR4 signaling IL-3 8 signaling cholecystokinin/gastrin-mediated 

signaling  (Fig. 19)  
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FFigure 19. Summary of cytokine signaling-related canonical pathways and diseases 
and bio functions.  
Changes in mRNA gene clusters were compared between three batches of pooled 

isolated hepatocytes (day 0) from 2-4 chimeric mice and three batches of pooled 
cultured hepatocytes (day 7) from 2-4 chimeric mice under each oxygen condition. A) 
IPA-based Canonical Pathways. B) IPA-based diseases and bio functions. Each 
number represents the Z-score, a statistical measure of the degree of consistency 
between the direction of the predicted gene-pathway relationship and the observed 
gene expression alterations. A Z-score >2 or <-2 was considered significant, and 
orange (activated) and blue (inhibited) shades indicated differences in the magnitude 
of values, respectively. N/A; data not available. CXCR4; C-X-C chemokine receptor 
type 4, IL 3; interleukin-3, IL 8; interleukin-8, IL 9; interleukin-9, ILK; integrin-
linked kinase, FLT3; fms like tyrosine kinase 3. 

 

Cytokine signaling-related Canonical Pathways Z Score of 40% O2 Z Score of 20% O2

CXCR4 Signaling 3.000 2.043
IL-3 Signaling 2.132 1.069
IL-8 Signaling 2.064 1.715
Cholecystokinin/Gastrin-mediated Signaling 2.646 1.877
IL-9 Signaling 0.000 N/A
ILK Signaling -0.289 -0.343
Chemokine Signaling 1.147 0.832
FLT3 Signaling in Hematopoietic Progenitor Cells 1.706 1.213
Interferon Signaling -0.775 -2.496
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IPA

20% 7
lipopolysaccharide (LPS)-stimulated 

mitogen-activated protein kinase (MAPK) signaling telomerase signaling 40%
7  (Fig. 20)  
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FFigure 20. Summary of cell death and survival-related canonical pathways and 
diseases and bio functions.  
Changes in mRNA gene clusters were compared between three batches of pooled 

isolated hepatocytes (day 0) from 2-4 chimeric mice and three batches of pooled 
cultured hepatocytes (day 7) from 2-4 chimeric mice under each oxygen condition. 
Each number represents the Z-score, a statistical measure of the degree of 
consistency between the direction of the predicted gene-pathway relationship and 
the observed gene expression alterations. A Z-score >2 or <-2 was considered 
significant, and orange (activated) shades indicated differences in the magnitude of 
values. anot significant compared to day 0. N/A; data not available. LPS; 
lipopolysaccharide, MAPK; mitogen-activated protein kinase, JAK; Janus kinase, 
STAT; signal transduction and activator of transcription, PTEN; phosphatase and 
tensin homolog deleted from chromosome 10. 
 

 

Cell Death and Survival-related Canonical Pathways Z Score of 40% O2 Z Score of 20% O2

LPS-stimulated MAPK Signaling 2.985 2.138a

Telomerase Signaling 2.041 1.789
JAK/Stat Signaling 1.400 -0.258
Apoptosis Signaling -1.095 -0.894
April Mediated Signaling 0.632 -0.333
Aryl Hydrocarbon Receptor Signaling -0.898 -1.706
PTEN Signaling -0.686 -0.626
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IPA

20% 7 signaling by Rho 
family GTPases CXCR4 signaling

40% 7 signaling by 
Rho family GTPases CXCR4 signaling Rac signaling LPS/IL-1 mediated 
inhibition of RXR function integrin signaling p21-activated kinase (PAK) signaling
G beta gamma signaling  (Fig. 21)  
 

human albumin (hAlb) 40%
7 hAlb

3 20% 40%
hAlb  (Fig. 22)  
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FFigure 21. Summary of cellular function and maintenance-related canonical 
pathways and diseases and bio functions.  
Changes in mRNA gene clusters were compared between three batches of pooled 

isolated hepatocytes (day 0) from 2-4 chimeric mice and three batches of pooled 
cultured hepatocytes (day 7) from 2-4 chimeric mice under each oxygen condition. A) 
IPA-based Canonical Pathways. B) IPA-based diseases and bio functions. Each 
number represents the Z-score, a statistical measure of the degree of consistency 
between the direction of the predicted gene-pathway relationship and the observed 
gene expression alterations. A Z-score >2 or <-2 was considered significant, and 
orange (activated) shades indicated differences in the magnitude of values. N/A; data 
not available. GTP; guanosine triphosphate, Rac; rat sarcoma (ras)-related C3 
botulinum toxin substrate, CXCR4; C-X-C chemokine receptor type 4, LPS; 
lipopolysaccharide, IL 1; interleukin-1, RXR; retinoid X receptor, PAK; p21-activated 
kinase, NAD; nicotinamide adenine dinucleotide. 
 
 

 

 
Figure 22. Fluctuations of hAlb secretion in chimeric mouse hepatocytes under each 
oxygen condition.  

Cellular Function and Maintenance-related Canonical
Pathways Z Score of 40% O2 Z Score of 20% O2

Signaling by Rho Family GTPases 3.742 2.846
Rac Signaling 3.651 2.183a

CXCR4 Signaling 3.000 2.043
LPS/IL-1 Mediated Inhibition of RXR Function 2.921 1.706
Integrin Signaling 2.889 1.265
PAK Signaling 2.858 1.941
G Beta Gamma Signaling 2.121 1.000
Epithelial Adherens Junction Signaling N/A N/A
Remodeling of Epithelial Adherens Junctions 1.633 1.000
NAD biosynthesis II (from tryptophan) -1.633 -0.447
Sirtuin Signaling Pathway 0.263 0.000

0

10

20

30

40

50

60

3 7 10

20% O
40% O

(Day)

hA
lb

(μ
g/

da
y) **

**
**

#



44 

Isolated hepatocytes from three chimeric mice were cultured in a 96-microwell plate 
under 20% or 40% oxygen conditions. Two-way ANOVA showed a statistical 
difference in oxygen conditions and different culture periods. No interaction effect 
was detected between oxygen conditions and culture periods. Results are expressed 
as mean ± S.D., (n = 3) **p < 0.01 compared to day 3 of culture under each oxygen 
condition, #p < 0.05 compared to 20% oxygen conditions on the same day. 
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4
 (Fig. 13-22) IPA

 (Fig. 13)
20% 40%

ATP  (Fig. 14)
40%  (Fig. 18, 21) hAlb

40%  (Fig. 22) 40%
 (Fig. 16, 17) 40%

 
 

20%
0% 40% 13%

 (Fig. 23)  
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FFigure 23. Dissolved oxygen concentrations in the culture supernatants under each 
oxygen culture condition. 
Dissolved oxygen concentrations in the hepatocyte culture supernatants were 

measured for 720 s using a FireSting oxygen monitor at a position 1 mm above the 
hepatocytes cultured for 3 days under 20% or 40% oxygen conditions in a 96-
microwell plate. The data were acquired after the values had stabilized. Dotted lines 
indicate the concentrations in the culture medium without cells, and the solid lines 
indicate the concentrations in the culture supernatants containing hepatocytes. 
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 (Tateno et al., 2011)
in vivo

 (Ikeyama et al., 2020)
in vivo  (Fig. 3, d0; Fig. 4A, d0) Oil Red O

Cholestest® TG TG 40%
7 TG  20%

7 10 TG
 (Fig. 4B, 5A) 7 40%

FAO 7 FAO 20%
 (Fig. 8) 40%

FAO
1% HIF FAO

TG  (Liu et al., 2014) Microarray
IPA 20% 7

canonical pathway hypoxia signaling in the cardiovascular 
system 40% 7

 (Fig. 13)
20% HIF

20% 0%
40% 13%  (Fig. 23)

10-12% 3-5%  (Godoy et 
al., 2013; Lee-Montiel et al., 2017)

FAO  (Kietzmann, 2017)
40%

FAO 20%
10 TG FAO

 (Fig. 5A, 8) 20%

 
 
IPA 20% 40%  7 

canonical pathway
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 (Fig. 9) FAO 
TG

20% 40%
 (Fig. 5B)

CD36
 (Pepino et al., 2014) IPA CD36

40%  (Fig. 11) HIF2α CD36
 

(Rey et al., 2020) 40%

BODIPYTM FL C16

40%
 (Fig. 12)

1-6 short-chain fatty acids (SCFA) 7-12 medium-chain fatty 
acids (MCFA) 13-21 long-chain fatty acids (LCFA) 22 very long-chain 
fatty acids (VLCFA)  (Erdbrügger and Fröhlich, 2020; Secor et al., 
2021)  CD36  
(Pepino et al., 2014) BODIPYTM FL C16 LCFA

CD36 Fatty acid 
transporter protein (FATP) LCFA  
(Dutta-Roy, 2000) FATP BODIPYTM FL C16

SCFA MCFA VLCFA
CD36

FAO
 (Fig. 4, 5, 8) oxidation of 

lipid fatty acid metabolism IPA  (Fig. 11A)

oxidation of lipid fatty acid metabolism
 7  mRNA

 
 

canonical pathway
20% 40%  (Fig. 13) 20%

3 1
40% 2 1  (data 
not shown)
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ATP 40%
ATP 20%

 (Fig. 14) 40% hAlb 20%
 (Fig. 22) Alb

 (Lee-Montiel et al., 2017) 40%
IPA 20%

cellular growth, proliferation cytokine signaling cellular 
function and maintenance canonical pathway 40%

7  (Fig. 18, 19, 21)
40%

40%
Nrf2

 (Sun et al., 2018)
NRF2-mediated oxidative stress response  (Fig. 13)

 
 

 ATP 

20%
ATP  (Liu et al., 2014)

 (Liu et al., 2014) IPA 20% 7
canonical pathway

40%  (Fig. 16)

20% 40%  (Fig. 17)
40%

ATP  (Epstein et al., 2017) 40%
ATP 20%  (Fig. 

14) 40% FAO hAlb
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cellular growth, proliferation cellular function and maintenance
canonical pathway  (Fig. 8, 18, 21, 22)

ATP 20%
ATP

 
 

20% 40% 7
amino acid metabolism canonical pathway

 (Kietzmann, 2017)
 

 

FAO in vivo
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2

 (Fig. 9-
23) 40% FAO

in vivo  (Fig. 4, 5, 8)
40%

 (Fig. 14, 16, 17, 18, 21, 22, 23)  
 

in vivo

40% 10
20%

 (Fig. 24)  
 
 

 
 
Figure 24. Study design in the chapter. 
 The usefulness of lipid-reduced chimeric mouse hepatocytes in the predictive 
evaluation of drug-induced fatty liver was investigated.  

Accumulated lipids

20% O40% O

PXB-mice®

PXB-cells®

d0 d10 d14 d17

Test compounds

d15 d16
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40% 10
in vivo 20%

Liver X 
receptor (LXR)  (Cave et al., 2016)
Fig. 9 LXR LXR

in vivo LXR

T0901317  (Schultz et al., 2000)
Oleic acid palmitic acid

31% 27%  (Staiger et al., 
2004) Oleic acid : palmitic acid = 1:1

in vitro  (Kozyra 
et al., 2018) oleic acid : palmitic acid = 1:1

 
 

20% 4
T0901317 3 Oil Red O Cholestest TG® TG

T0901317 3
 (Fig. 25) T0901317 TG  (Fig. 

26)  
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FFigure 25. Effect of T0901317 on lipid accumulation in chimeric mouse hepatocytes. 
Chimeric mouse hepatocytes were cultured in a 96-microwell plate under 20% 

oxygen conditions. T0901317 (0, 0.1, 0.3, 1, 3, 10, 30 μM) was exposed to chimeric 
mice hepatocytes for 3 days. Representative Oil Red O stained images of chimeric 
mouse hepatocytes cultured under 20% oxygen conditions (×20 magnification). 
 
 

 
 
Figure 26. Effects of T0901317 on lipid accumulation in chimeric mouse hepatocytes. 
Chimeric mouse hepatocytes were cultured in a 96-microwell plate under 20% 

oxygen conditions. T0901317 (0, 0.1, 0.3, 1, 3, 10, 30 μM) was exposed to chimeric 
mice hepatocytes for 3 days. Statistical significance was analyzed using Tukey test. 
Statistical significance was set at p < 0.05. Results are expressed as mean ± S.D., (n 
= 3) **p < 0.01, ***p < 0.001 compared to ctrl. 
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T0901317 LXR  LXR sterol regulatory element–
binding proteins 1 acetyl CoA carboxylase fatty acid 
synthase stearoyl CoA desaturase-1

 (Schultz et al., 2000)
T0901317 T0901317

TG  (Fig. 25, 26)

 
 

40%

40% 10
20% 4

20%
 (data not shown)

40%
DILI

in vitro  
 

HepG2 HepaRG
 (Donato et al., 2012; Kozyra et al., 2018; Tolosa et al., 2016)

HepG2  (Donato et al., 
2008) HepaRG  
(Kanebratt and Andersson, 2008) DILI

 (Sison-Young et al., 2017)
Albumin

 (den Braver-Sewradj et al., 2016)
 

(Bell et al., 2018)
 (Stéphenne et 

al., 2007) HepG2 HepaRG DILI
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PXB-cells® PXB-mice®

 (Katoh et al., 
2005; Nishimura et al., 2005) DILI

DILI

 
 

LXR T0901317
in vivo
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DILI  (Hornberg 
et al., 2014) DILI 1 DILI 30%

 (Kleiner et al., 2014; Miele et al., 2017) DILI

DILI
 (Albrecht et al., 2019)

PXB-mice® PXB-cells®

PXB-mice® PXB-cells®  (Tateno et al. 2011; 
Ikeyama et al., 2020) DILI

20%
 (Sakai et 

al., 2012) 1% HepG2
 (Liu et al., 2014) 20%

 
 

2
FAO in vivo

/ 0.5~0.7
0 mmHg  (Metzen et al., 1995)

 
 

3 LXR T0901317
in vivo
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DILI
 

 
in vivo

HepG2 HepaRG

in vivo hGH PXB-
mice® PXB-cells® in vitro 3 hGH

 (Tateno et al., 
2011) in vitro hGH

 (data not shown) PXB-cells® GH

 
 

DILI
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II.  
 
I-1.  
Human hepatocyte: BioIVT LLC 
Dulbecco's modified Eagle medium (DMEM): Sigma-Aldrich Co. LLC 
Fetal bovine serum (FBS): Biological industries Ltd 
Corning® BioCoat® Collagen I 24-well Black/Clear Flat Bottom TC-treated 
microplates: Corning Inc. 
Corning® BioCoat® Collagen I 96-well Black/Clear Flat Bottom TC-treated 
microplates: Corning Inc. 
Trypan blue: NACALAI TESQUE, INC. 
Dimethyl sulfoxide (DMSO): Sigma-Aldrich Co. LLC 
4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES): Termo Fisher 
Scientific Inc. 
NaHCO3: FUJIFILM Wako Pure Chemical Corp. 
L-proline: MP biomedicals, LLC 
Insulin: Sigma-Aldrich Co. LLC 
Dexamethasone: Sigma-Aldrich Co. LLC 
Epidermal growth factor: Sigma-Aldrich Co. LLC 
L-ascorbic acid 2-phosphate: FUJIFILM Wako Pure Chemical Corp. 
Penicillin-Streptomycin Solution (×100): FUJIFILM Wako Pure Chemical Corp. 
 
 
I-2. Oil Red O  
Phosphate-buffered saline (PBS): TAKARA BIO INC. NACALAI TESQUE, 
INC. 
10% Formalin Neutral Buffer Solution: FUJIFILM Wako Pure Chemical Corp. 
Formaldehyde: KANTO CHEMICAL CO., INC 
Isopropanol: FUJIFILM Wako Pure Chemical Corp. 
Oil Red O solution: Muto Kagaku Co., Ltd. 
 
 
I-3. TG  
Cholestest® TG: Sekisui Medical Co., Ltd. 
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II-4. FAO  
DMEM: Sigma-Aldrich Co. LLC 
FAOBlue: Funakoshi Co., Ltd. 
PBS: TAKARA BIO INC. 
DMSO: Sigma-Aldrich Co. LLC 
 
 
I-5. BODIPYTM FL C16  
BODIPYTM FL C16: Thermo Fisher Scientific Inc. 
DMEM: Sigma-Aldrich Co. LLC  
DMSO: FUJIFILM Wako Pure Chemical Corp. 
PBS: TAKARA BIO INC. 
 
 
I-6. Microarray 
Direct-zolTM RNA MicroPrep: Zymo Research Corp. 
Agilent RNA 6000 Nano Kit: Agilent Technologies, Inc. 
Agilent Human Sure Print G3 Human GE V3 8 × 60 K mRNA microarray chip: 
Agilent Technologies, Inc. 
 
 
I-7.  
CellTiter-Glo® Luminescent Cell Viability assay: Promega Corp. 
 
 
I-8.  
Glucose Assay Kit-WST: DOJINDO LABORATORIES 
PBS: TAKARA BIO INC. 
 
 
I-9.  
Lactate Assay Kit-WST: DOJINDO LABORATORIES 
 
 
I-10. hAlb  
LZ Test 'Eiken' U-ALB: Eiken Chemical Co., Ltd. 
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II-11.  
DMEM: Sigma-Aldrich Co. LLC 
Corning® BioCoat® Collagen I 96-well Black/Clear Flat Bottom TC-treated 
microplates: Corning Inc. 
DMSO: Sigma-Aldrich Co. LLC FUJIFILM Wako Pure Chemical Corp. 
HEPES: Termo Fisher Scientific Inc. 
NaHCO3: FUJIFILM Wako Pure Chemical Corp. 
L-proline: MP biomedicals, LLC 
Insulin: Sigma-Aldrich Co. LLC 
Dexamethasone: Sigma-Aldrich Co. LLC 
Epidermal growth factor: Sigma-Aldrich Co. LLC 
L-ascorbic acid 2-phosphate: FUJIFILM Wako Pure Chemical Corp. 
Penicillin-Streptomycin Solution (×100): FUJIFILM Wako Pure Chemical Corp. 
T0901317: Sigma-Aldrich Co. LLC 
Sodium oleate: Sigma-Aldrich Co. LLC 
Palmitic acid: Sigma-Aldrich Co. LLC 
Bovine Serum Albumin (Fatty acid free): Sigma-Aldrich Co. LLC 
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III.  

 
II-1.  

20%  
MCO-170AICUVD-PJ: PHC Corp. 
MCO-170AIC-PJ: PHC Corp. 
 

40%  
MCO-5MUV-PJ: PHC Corp. 
 
 
II-2.  
ECLIPSE Ti2: Nikon Corp. 
OLYMPUS IX70: Evident Corp.  
 
 
II-3.  
SpectraMax i3x: Molecular Devices, LLC 
MultiscanTM GO: Thermo Fisher Scientific Inc. 
 
 
II-4. Micriarray IPA 
Qiagen IPA® technology: QIAGEN N. V. 
GeneSpring 14.9.1 software: Agilent Technologies, Inc. 
 
 
II-5. hAlb  
JEOL BM6050 autoanalyzer: JEOL Ltd. 
 
 
II-6.  
FireSting oxygen monitor: BAS Inc. 
 
 
II-7.  
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BellCurve for Excel 2.14: Social Survey Research Information Co., Ltd.   
Microsoft EXCEL: Microsoft Corp. 
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IIII.   

 
III-1.  

 (1-year-old, boy, Caucasian, BioIVT LLC) cDNA-uPA/SCID  
(cDNA-uPA wild/+/SCID)  (PXB-mice®) 

 (Yamasaki et al., 2020) PXB-mice® hAlb LX Eiken Alb 
II (Eiken Chemical Co., Ltd.) hAlb
10 mg/mL : 90% 15-22 2

 (PXB-cells®)  (Yamasaki 
et al., 2020)

2006 6 1
 

 
 
III-2.  

DMEM (10% FBS) 24-well 96-well microplates
 4.0 × 105 7.12 × 104 cells/well 

20%  (5% CO2 95% 
atmosphere) 40%  (5% CO2 55% N2) 37 24

1 dHCGM 10
20% 2 4 40%

1-2
 

 
dHCGM 
Components Final conc. 
DMEM  
FBS 10% 
DMSO 2% 
HEPES 20 mM 
NaHCO3 44 mM 
L-proline 15 μg/mL 
Insulin 0.25 μg/mL 
Dexamethasone 50 nM 
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Epidermal growth factor 5 ng/mL 
L-Ascorbic acid 2-phosphate 0.1 mM 
Penicillin-Streptomycin Solution (×100) 1% 

 
 
IIII-3-1. Oil Red O  

24-well 96-well microplates
96-well microplates 4 3

 
1) PBS 2

 
2) 10%  (100 μL/96-well, 500 μL/24-well) 15  
3) PBS 2  
4) 60%  (100 μL/96-well, 500 μL/24-well) 37 1

 
5) 60% 60% Oil Red O  (100 μL/96-well, 400 

μL/24-well) 37 15  
6) Distilled water (DW) PBS 2 PBS (100 μL/well)  
7) ECLIPSE Ti2 OLYMPUS IX70  
 
60% Oil Red O  
Components Final conc. 
Oil Red O Stain Stock Solution 60% 
DW 40% 

*0.25-0.45 μm filtration  
 
 
III-3-2. Oil Red O  

24-well microplates
 

1) PBS 100%  
2) 700 rpm 15 Oil Red O  
3) 96-well microplates  
4) SpectraMax i3x  (490 nm)  
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IIII-4-1. TG  
24-well microplates 96-well 

microplates 4 3
Cholestest® TG (Sekisui Medical Co., Ltd.) 

TG  
1) PBS 2

 
2) Cholestest® TG  (80 μL/96-well, 200 μL/24-well) 

37 500 rpm 10  
3) 500 μL  
4) 4 10,000×g 10  
5) 96-well microplates  (15 μL) Cholestest® TG  (68 μL) 

37 500 rpm 10  
6) Cholestest® TG  (25 μL) 

37 500 rpm 10  
7) SpectraMax i3x MultiscanTM GO 550nm 800 

nm  
* ®N DW

 
 
 
III-4-2. TG  

24-well microplates
Cholestest® TG

TG  
1) 96-well microplates  (15 μL) Cholestest® TG  (68 

μL) 37 500 rpm 10
 

2) Cholestest® TG  (25 μL) 
37 500 rpm 10  

3) SpectraMax i3x 550nm 800 nm  
* ®N DW

 
 
 
III-4-1. AICAR FAO  
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96-well microplates 20% 3
FAO FAOBlue

FAO  (Uchinomiya et al., 2020) FAO
AICAR  (Smith et al., 2005)  

1) 20% 3 DMEM 2  
2) 0 30 100 300 1000 μM AICAR FBS-free dHCGM DMSO 2%

20% 3
 

3) DMEM 2  
4) 10 μM FAOBlue FBS-free dHCGM DMSO 2%

20% 30  
5) PBS 1 PBS (100 μL/well)  
6) SpectraMax i3x  (excitation, 405 nm; emission, 460 nm)  
 
 
IIII-4-2. FAO  

96-well microplates
FAO FAOBlue FAO

 (Uchinomiya et al., 2020)  
1) DMEM 2  
2) 10 μM FAOBlue FBS-free dHCGM DMSO 2%

20% 30  
3) PBS 1 PBS (100 μL/well)  
4) SpectraMax i3x  (excitation, 405 nm; emission, 460 nm)  
 
 
III-5. BODIPYTM FL C16  

96-well microplates
 

1) DMEM 2  
2) 0.1 μM BODIPYTM FL C16 FBS-free dHCGM DMSO 2%

30
 

3) Ice-cold PBS 2 PBS (100 μL/well)  
4) SpectraMax i3x  (excitation, 485 nm; emission, 528 nm)  
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IIII-6. Microarray 

d0 20%
7  

1) Direct-zolTM RNA MicroPrep Total RNA  
2) Agilent RNA 6000 Nano Kit  Agilent 2100 Bioanalyzer Total 

RNA  
3) Total RNA (100 ng/sample) Agilent Human Sure Print G3 Human GE 

V3 8 × 60 K mRNA microarray chip  
4) GeneSpring 14.9.1 software

 (Tateno et al., 2011)  
 
 
III-7. IPA 

Microarray   (Differentially expressed gene: DEG) 
Qiagen IPA® technology (QIAGEN N. V.)  

 
 
III-8. ATP 

96-well microplates
3 7 10 CellTiter-Glo® Luminescent Cell Viability 

assay (Promega Corp.) ATP  
1) dHCGM (100 μL/well)  
2) 30  
3) CellTiter-Glo Reagent (100 μL/well)  
4) 700 rpm 2  
5) 10  
6) SpectraMax i3x  (Integration time: 1 sec/well)  
 
 
III-9.  

96-well microplates
7 Glucose Assay Kit-WST 

(DOJINDO LABORATORIES) 
 

1) 96-well microplates DW 30 50 μL/well
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Working solution (50 μL/well)  
2) 37 30  
3) SpectraMax i3x  (450 nm)  
*10 mmol/L Glucose standard DW

 
 
 
IIII-10.  

96-well microplates
7 Lactate Assay Kit-WST 

(DOJINDO LABORATORIES) 
 

1) 96-well microplates DW 10 20 μL/well
Working solution (80 μL/well)  

2) 37 30  
3) SpectraMax i3x  (450 nm)  
*10 mmol/L Lactate standard DW

 
 
 
III-11. hAlb  

3 7 10 hAlb BM6050
LZ  'Eiken' U-ALB  

 
 
III-12.  

96-well microplates 3
FireSting oxygen monitor 1mm

720
 

 
 
III-13-1.  

96-well microplates
40% 10 III-1, 2 10

dHCGM (0.5% DMSO) 
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dHCGM (0.5% DMSO) 
Components Final conc. 
DMEM  
FBS 10% 
DMSO 0.5% 
HEPES 20 mM 
NaHCO3 44 mM 
L-proline 15 μg/mL 
Insulin 0.25 μg/mL 
Dexamethasone 50 nM 
Epidermal growth factor 5 ng/mL 
L-Ascorbic acid 2-phosphate 0.1 mM 
Penicillin-Streptomycin Solution (×100) 1% 

  
 

 

 
 
 
III-13-2.  (fatty acid; FA)  
1) 100 mM FA (50 mM oleic acid : 50 mM palmitic acid = 1:1) 

DMSO  

Schedule Schedule
0 Cell seeding
1 Medium change (dHCGM-2% DMSO)
2
3 Medium change (dHCGM-2% DMSO)
4
5 Medium change (dHCGM-2% DMSO)
6
7 Medium change (dHCGM-2% DMSO)
8 Medium change (dHCGM-2% DMSO)
9

10
11 Medium change (dHCGM-0.5% DMSO)
12 Shipping
13 0
14 Exposure 0
15 Exposure 1
16 Exposure 2
17 Assay 3

Day
(exposure periods)

40% O

Day
(culture periods)

at PhoenixBio Co., Ltd. at Hiroshima Univ.
Oxygen conditions
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2) 11.1% Bovine Serum Albumin (FA free) in HCGM-FBS (-)-DMSO (-) 1: 9 (v/v) 
 (10 mM FA/10% BSA in HCGM/10% DMSO)  

 
 
IIII-13-3  

4 1 1 3
LXR T0901317

 (Schultz et al., 2000)  
 
dHCGM (ctrl) 
Components Final conc. 
dHCGM-FBS (-)-DMSO (-)  
10 mM FA 100 μM 
DMSO 0.5% 

*10 mM FA/10% BSA in HCGM/10% DMSO DMSO 0.5%
DMSO  

 
 
dHCGM T0901317  
Components Final conc. 
dHCGM-FBS (-)-DMSO (-)  
T0901317 0.1, 0.3, 1, 3, 10, 30 μM 
10 mM FA 100 μM 
DMSO 0.5% 

*10 mM FA/10% BSA in HCGM/10% DMSO DMSO 0.5%
DMSO  

 
 
III-14.  

Microarray ANOVA unpaired T-test Benjamini-Hochberg false 
discovery rate fold change 2 DEG p 
< 0.05 IPA Z-score 2.0 -Log 
p value > 1.3 Microarray

IPA mean standard deviation (S.D., n=3, independent 
experiments) BellCurve for Excel 2.14 (Social Survey 
Research Information Co., Ltd.) Tukey test two-way analysis of variance 
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(ANOVA)-Tukey Microsoft EXCEL Student’s t-test
p < 0.05 Figure  

 
Student’s t-test: Figure 17. 

 
Tukey test: Figure 26. 

 
two-way ANOVA-Tukey: Figure 4, 8, 12, 14. 
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