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AUC area under the concentration-time curve  
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Fig. 1. Change of pharmacokinetic profile with typical CYP substrate (Conceptional figure). 
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Table 1  Observations of CYP down-regulation by drugs and new chemical entities. 
 

Compounds Enzymes Animals in vitro/ in vivo References 

sulpiride CYP1A2 rat in vivo Harkitis et al., PLoS ONE. 2015 
 CYP1A1    

 CYP1B1    

telithromycin CYP1A2 rat in vivo Nosaka et al., Life Sciences. 2006 
 CYP3A2    

LY2090314 CYP2B6 human in vitro (hepatocyte) Zamek-Gliszczynski et al., Drug Metab Dispos. 2014 

metformin CYP2B6 human in vitro (hepatocyte) Yang et al., Mol Pharmacol. 2014 

carfilzomib CYP3A4 human in vitro (hepatocyte) Wang et al., Drug Metab Dispos. 2013 

GW4064 CYP3A4 human in vitro (hepatocyte) Zhang et al., Drug Metab Dispos. 2015 

metformin CYP3A4 mouse in vivo Krausova et al., Biochem Pharmacol. 2001 

  human in vitro (hepatocyte)  

capecitabine CYP2C9 human in vivo Ramírez et al., Clinical Pharmacol. 2019 

fluorouracil CYP2C9 human in vivo Gilbar et al., Ann Pharmacother. 2001 

bupropion CYP2D6 human in vitro (hepatocyte, HepG2) Sager et al., Biochem Pharmacol. 2017 

   in vivo  

GW4064 CYP2D6 mouse in vivo Pan et al., Drug Metab Dispos. 2015 
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Fig. 2. Chemical structure of obeticholic acid. 
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Fig. 3. Assessment of direct interaction of OCA with CYP1A2 in human liver microsomes. phenacetin 

O-deethylation as a measure of CYP1A2 activity in the presence of OCA with or without a 20-min 

preincubation with the OCA. Points represent percent metabolite formation compared to vehicle-

treated control (0.1% DMSO); ***p<0.001 versus control (0.1% DMSO). 
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Fig. 4. Effect of OCA on CYP1A2 mRNA levels and enzyme activity. (A) Fold change in CYP1A2 

mRNA expression compared to vehicle-treated control (0.1% DMSO) after 48 h of incubation. (B) 

phenacetin O-deethylation as a measure of CYP1A2 activity after 72 h of incubation. Mean + S.D. of 

preparations of hepatocytes from five donors; ***p<0.001 versus control (0.1% DMSO). 
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Fig. 5. Individual data of Fig. 4. (A) Fold change in CYP1A2 mRNA expression compared to vehicle-

treated control (0.1% DMSO) after 48 h of incubation. (B)phenacetin O-deethylation as a measure of 

CYP1A2 activity after 72 h of incubation.  
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Fig. 4 48 CYP1A2 mRNA
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Fig. 6A r2=0.7175 100 μM CYP1A2
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r2 0.8520 Fig. 6B  
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B 

Fig. 6. Correlation between decreases in CYP1A2 mRNA expression and decreases in CYP1A2 activity. 

(A) Individual data of Fig.4A and individual data of Fig.4B. (B) As for (A) with the points 

corresponding to 100 μM OCA excluded. 
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Fig. 7. Extent of leakage of lactate dehydrogenase into the cell culture medium compared to lysed 

untreated cells (100% cytotoxicity) after incubation for 72 h with OCA. Mean + S.D. of preparations 

of hepatocytes from five donors. 
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Fig. 8. Effect of OCA on mRNA levels and enzyme activity of CYP2B6. (A) Fold change in mRNA 
expression of CYP2B6 compared to vehicle-treated control (0.1% DMSO) after 48 h of incubation. 
(B)Bupropion hydroxylation was used as a measure of CYP2B6 activity after 72 h of incubation. 
Mean + S.D. of preparations of hepatocytes from five donors. 
  

0

1

2

3

4

5

1 10 100

C
YP

2B
6 

m
R

N
A 

ex
pr

es
si

on
 

(fo
ld

 c
ha

ng
e)

OCA (μM)    

0.0

0.5

1.0

1.5

2.0

2.5

1 10 100

C
YP

2B
6 

ac
tiv

ity
(fo

ld
 c

ha
ng

e)

OCA (μM)    



A 

 

B 

 

 

Fig 9. Individual data of Fig. 8. (A) Fold change in mRNA expression of CYP2B6 compared to vehicle-
treated control (0.1% DMSO) after 48 h of incubation. (B) Bupropion hydroxylation was used as a 
measure of CYP2B6 activity after 72 h of incubation. 
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Fig. 10. Effect of OCA on mRNA levels and enzyme activity of CYP3A4. (A) Fold change in mRNA 

expression of CYP3A4compared to vehicle-treated control (0.1% DMSO) after 48 h of incubation. (B) 

Midazolam hydroxylation as a measure of CYP3A4 activity after 72 h of incubation. Mean + S.D. of 

preparations of hepatocytes from five donors; ***p<0.001 versus control (0.1% DMSO). 
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Fig. 11. Individual data of Fig. 10. (A) Fold change in mRNA expression of CYP3A4 compared to 

vehicle-treated control (0.1% DMSO) after 48 h of incubation. (B) Midazolam hydroxylation as a 

measure of CYP3A4 activity after 72 h of incubation. 
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Fig. 12. Assessment of direct interaction of OCA with CYP3A4 in human liver microsomes. Midazolam 

hydroxylation as a measure of CYP3A4 activity in the presence of OCA with or without a 20-min 

preincubation with the OCA. Points represent percent metabolite formation compared to vehicle-

treated control (0.1% DMSO); **p<0.01; ***p<0.001 versus control (0.1% DMSO). 
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Fig. 13. Mechanism of CYP1A2 induction.  (Klein et al., 2010; partially modified) 
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Fig. 14. Chemical structures of CYP1A inducers. 
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Fig. 15. Effect of OCA on induction of CYP1A2 by omeprazole in plated human hepatocytes. (A) Fold 
change in CYP1A2 mRNA expression compared to vehicle-treated control (0.1% DMSO) after 48 h of 
incubation. (B)Phenacetin O-deethylation as a measure of CYP1A2 activity after 72 h of incubation. 
Mean + S.D. of preparations of hepatocytes from five donors; *p<0.05; **p<0.01 versus control (50 μM 
omeprazole in 0.1% DMSO). 
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Fig. 16. Individual data of Fig. 15. (A) Fold change in CYP1A2 mRNA expression compared to vehicle-
treated control (0.1% DMSO) after 48 h of incubation. (B) Phenacetin O-deethylation as a measure of 
CYP1A2 activity after 72 h of incubation. 
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Fig. 17. Effect of OCA on mRNA expression of hepatocyte factors that regulate CYP1A2. Fold change 
in (A) AhR, (B) Arnt, and (C) AhRR mRNA expression compared to vehicle-treated control (0.1% 
DMSO) after 48 h of incubation. Mean + S.D. of preparations of hepatocytes from five donors; 
***p<0.001 versus control (0.1% DMSO). 
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mechanism-based static pharmacokinetic MSPK Eq. 1

Sager et al., 2017 MSPK

Cmax CYP

fm in vitro Emax EC50  50%

[I]h in vivo AUC

AUC ratio

MSPK CYP1A2

CYP1A2 fm 1 in vitro Fig. 4 50%

CYP1A2 mRNA 1 μM EC50 CYP1A2

CYP1A2 mRNA 10 μM mRNA 1 10 μM fold induction  

Emax 0.73 10 mg 2395 

ng/mL 420.62 5.69 μM Edwards et al., 2016



10 mg CYP1A2 AUC ratio

Bh 0.38 AUC ratio 2.64 DDI Edwards et 

al., 2017 AUC ratio 1.42 MSPK

in vivo CYP

in vivo CYP MSPK

 

 

UC ratioܣ  = ൤ ௛ܤ1 × ௠݂ + (1 − ௠݂)൨ B୦ (induction) = 1 + E୫ୟ୶ ∗ [I]୦[I]୦ + ECହ଴ 

B୦ (CYP downregulation) = 1 + E୫ୟ୶ ∗ [I]୦[I]୦ + ECହ଴ 

 

fm  the fraction of intrinsic metabolic clearance of the substrate mediated by P450 affected by drugs causing 

CYP down-regulation relative to the whole metabolic clearance of the liver 

[I]h the concentration of the investigational drug in the liver hepatocytes and intestinal enterocytes 

Emax: maximum effect (induction or down-regulation  

EC50 concentration that yields 50% of the maximum effect 

 

Eq. 1 Formula of MSPK model (Partially modified). 
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CYP1A2 CYP1A2
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mRNA

CYP1A2 AhR  mRNA

CYP1A2 CYP1A2

AhR

AhR AhR

AhR

CYP1A2  

 

CYP

Uno et al., 2006

Kupffer

in vitro CYP1A2

 

 

FXR CYP1A2

FXR 50 μM 48

mRNA miRNA

CYP1A2 mRNA 0.26 AhR 0.73

Krattinger et al., 2016 miRNA

mRNA CYP1A2 CYP1A1

miRNA miR-1260 GW4064 FXR

CYP1A2 FXR AhR CYP1A2

CYP1A2

 

 

CYP1A2

CYP

  



 

 

 

Toronto Research Chemicals 

,  

Cayman Chemical 

 

Fujifilm Wako Pure Chemical Corp.  

, RIPA lysis buffer, solvents analytical grade (or a suitable alternative)  

Nacalai Tesque 

MgCl2·6H2O, reduced β-nicotinamide adenine dinucleotide phosphate (β-NADPH), trypan blue, 

general purpose reagents 

Sigma-Aldrich  

, ,   

Tokyo Chemical Industry  

  

Ultrafine 

1'-   

 

CYP  

200 XTreme 200 Mixed Gender Human Liver 

Microsomes Sekisui XenoTech  

 

 

0.1 mg protein/mL β-NADPH 1 mg/mL 250 

μM EDTA-250 μM pH 7.4 37°C 5

0.1–100 μM 35

CYP1A2 10 μM CYP3A4

 5 μM

50 nM  

 

 

0.1 mg protein/mL β-NADPH 1 mg/mL 250 

μM EDTA-250 μM pH 7.4 37°C 5

, 0.1–100 μM 20 CYP1A2

10 μM  CYP3A4 5 μM

15

50 nM  



 

 

BioIVT TorpedoTM Antibiotic Mix BioIVT

InVitroGROTM CP Medium BioIVT 0.7 106 cells/mL Collagen I Cellware 24 well 

plates Corning CO2 37°C 5 CO2 2 4

Primary Hepatocyte Maintenance Supplements Thermo Fisher Scientific William's E Medium

Sigma-Aldrich DMSO

1/1000

1 10  100 μM

50 μM 24 48

72 DMSO

50 μM

 

 

 

Lot ACB OMA BXW RMH NES 

Age (years) 51 37 73 27 35 

Gender Male Male Female Male Male 

Race Caucasian Caucasian Caucasian Caucasian Caucasian 

Smoker No Yes No Yes Yes 

Alcohol use Yes Yes No Yes Unknown 

Drug use No Yes No Yes Yes 

Cause of death 
Head trauma / 

blunt injury 
Anoxia 

Cerebrovascular 

accident / stroke 
Head trauma Anoxia 

 

mRNA  

48 CYP1A2 CYP2B6 CYP3A4 AhR AhRR Arnt 

mRNA Real-time RT-PCR Total RNA 

cDNA SuperPrep™ II Cell Lysis & RT Kit TOYOBO

Real-time RT-PCR THUNDERBIRD® 

Probe qPCR Mix TOYOBO  5

DMSO mRNA fold change

 

 

 

TaqMan primer/probe set Thermo Fisher Scientific  

CYP1A2 Hs00167927_m1 

CYP2B6 Hs03044634_m1 



CYP3A4 Hs00604506_m1 

AhR Hs00169233_m1 

AhRR Hs01005075_m1 

Arnt Hs01121918_m1 

GAPDH Hs02758991_g1 

 

 

72 CYP1A2 CYP2B6 CYP3A4

William’s E medium  CYP1A2

50 μM  CYP2B6 50 μM    CYP3A4

5 μM William’s E medium CO2 2 

37°C 5 CO2

50 nM

CYP1A2, ; CYP2B6, ; CYP3A4, 1'

5 DMSO

fold change  

 

 

 CYP filtered 

using 96-well 0.45-μm filter plates high performance liquid 

chromatography (HPLC) tandem mass spectrometry LC-MS/MS  

 

LC-MS/MS 

HPLC Nexera HPLC system Shimadzu  

MS TQ5500 tandem mass spectrometer Sciex  

InertSustain C18 column 2-μm particle size; 2.1 mm i.d. × 50 mm; GL Science  

 

 

A 0.1% B  

0.45 mL/min 

A gradient was run from 30% to 70% solvent B in 2 min 

40  

:  

 m/z 152 → 110 

 m/z 296 → 238 

1'-  m/z 342 → 324 

 m/z 195 → 138 

Analyst 1.6.3 software (Sciex) 

 



 

72 lactate dehydrogenase 

LDH Cytotoxicity Detection KitPLUS Indianapolis

RIPA buffer LDH 100%

%  

 

 

SAS program SAS/STAT, version 8.2 (SAS Institute)

Tukey's test p value 0.05
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