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1  |  INTRODUC TION

Organic anion- transporting polypeptide (OATP) 1B1 and 
OATP1B3 are primary solute carrier transporters responsible 

for hepatocellular drug uptake, appearing on the vascular side of 
hepatocytes. They are also known to affect the blood and liver 
concentrations of substrate drugs. The combination of OATP 
substrates (e.g., statins, repaglinide, and bosentan) with OATP 
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Abstract
The interest in transporter- mediated drug interactions has been increasing in the field 
of drug development. In this study, we measured the plasma and urinary concentrations 
of coproporphyrin (CP) I and CP III as endogenous substrates for organic anion- 
transporting polypeptide (OATP) using chimeric mice with human hepatocytes (PXB 
mice)	and	examined	the	influence	of	an	OATP	inhibitor,	rifampicin	(RIF).	CP	I	and	CP	III	
were	actively	taken	up	intracellularly,	and	RIF	inhibited	the	uptake	in	a	concentration-	
dependent	manner	for	both	CP	I	and	CP	III	in	human	hepatocytes	(PXB-	cells).	Single	
doses	of	RIF	at	10	and	30 mg/kg	were	orally	or	 intravenously	administered	to	PXB	
mice and wild- type ICR mice. Plasma concentrations (AUC0- 8h) of CP I increased in 
both	mice.	However,	a	marked	increase	in	CP	III	was	only	observed	in	ICR	mice,	after	
intravenous	administration	of	RIF	at	30 mg/kg.	The	IC50	values	of	RIF	for	intracellular	
CP	 I/III	 uptake	 and	 the	 unbound	plasma	 concentrations	 of	 RIF	 suggested	 that	 the	
increase	 in	plasma	CP	I	 is	associated	with	the	exposure	of	RIF	to	OATPs.	The	24-	h	
cumulative urinary excretions of CP I and CP III increased in both mice, but more 
markedly	in	PXB	mice.	Thus,	RIF	increased	the	plasma	and	urinary	concentrations	of	
CP I and CP III in the mice, as reported in humans, and CP I may be a more sensitive 
biomarker of OATP- mediated drug interactions in PXB mice.
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inhibitors	 (e.g.,	 cyclosporine	 A	 and	 rifampicin	 (RIF))	 increases	
their	blood	concentration	levels.	For	some	drugs,	the	occurrence	
of serious adverse reactions has been reported in clinical cases.1 
In addition to drugs, OATP1B substrates include endogenous 
substances.2,3

In recent years, clinical reports on transporter- mediated drug–
drug interactions (DDIs) have increased. Methodologies for as-
sessing DDIs have been outlined in guidelines announced by the 
European	Medicines	Agency,	Food,	and	Drug	Administration	(FDA),	
and	Ministry	 of	 Health,	 Labour,	 and	Welfare.4–6 These guidelines 
state that transporter- mediated inhibitory DDIs should be con-
ducted	using	an	adequate	probe	substrate,	based	on	the	expected	
or actual systemic exposure in humans. In the guidelines, the static 
model using Iin,max,u is preferentially used for DDI risk assessment 
of OATP1B1 and 1B3,7,8 which is suitable for screening but tends 
to produce false positives.9 To avoid false positive results, a high- 
accuracy dynamic model in which the kinetics of the inhibitor con-
centration	 are	 incorporated,	 such	 as	 a	 PBPK	model	 with	 detailed	
human	physiological	conditions,	 is	considered.	However,	 it	 is	diffi-
cult to accurately predict DDI risks non- clinical models, even with 
information on the blood concentration of a test substance in clinical 
trials.

Attention is being focused on developing methods to directly 
predict clinical DDIs more accurately without conducting an addi-
tional	clinical	DDI	 trial.	Studies	using	endogenous	substrates	 for	
transporters as a biomarker have recently been conducted.10,11 
One major advantage of endogenous substrate biomarkers is the 
potential	 to	 quantitatively	 assess	 drug	 interactions	 in	 the	 early	
stages of clinical development, without a separate clinical DDI 
study. In particular, coproporphyrin (CP) I and CP III, intermedi-
ate products of the heme biosynthesis process, having high trans-
porter selectivity, less diurnal variation, and abundant clinical DDI 
data, thus may be useful biomarkers of OATP1B. A study using 
transfected cells showed that OATP1B1 and 1B3 were responsi-
ble for CP I and CP III transport, OATP2B1 for CP III transport, 
and OCT1, OCT2, OAT1, and OAT3 were not involved in CP trans-
port.12 In humans and monkeys, administration of an OATP1B 
inhibitor	 (e.g.,	 RIF)	was	 found	 to	 increase	 blood	 and	urine	CP	 I/
III levels. CPs, especially CP I, have emerged as important endog-
enous biomarkers to assess human hepatic OATP1B activities 
in vivo.13–15	However,	few	studies	have	reported	the	usefulness	of	
CPs as a biomarker in rodents.

Chimeric mice (i.e., PXB mice) were prepared by transplanting 
human	 hepatocytes	 into	 uPA/SCID	mice,	 and	 ≥80%	 of	 the	 liver	
was substituted for human hepatocytes.16 Previous studies have 
shown that the expressions of human drug- metabolizing enzymes, 
including hepatic CYPs or non- CYPs and human transporters, are 
similar in PXB mice and humans.16–19	Furthermore,	the	metabolic	
pattern in PXB mice resembles that in humans.20–25 PXB mice are 
increasingly being used as preclinical animal models to address 
DDIs in humans.26,27 In addition, it was recently reported that 
the liver- to- plasma concentration ratio (Kp,uu,liver) of OATP sub-
strates in PXB mice resembled that in humans.28 Accordingly, the 

measurement of CPs in PXB mice may directly contribute to the 
prediction of OATP1B activity in humans, suggesting that the PXB 
mouse is a valuable preclinical model for predicting human DDIs 
mediated by OATP1B transporters. In the present study, we mea-
sured	the	plasma	concentration	of	RIF	and	plasma/urinary	concen-
trations	of	CP	I	and	CP	III	in	PXB	mice	treated	with	RIF,	of	which	
the OATP1B- mediated drug interactions were reported in clinical 
practice, and we compared the outcomes with those observed in 
wild- type ICR mice. Based on the results, we considered the use-
fulness of CP I and CP III for clinical DDI risk assessment in PXB 
mice.

2  |  MATERIAL S AND METHODS

2.1  |  Chemicals

RIF	 was	 obtained	 from	 Sigma-	Aldrich	 (St.	 Louis,	 MO,	 USA).	
Coproporphyrin I (CP I) and coproporphyrin III (CP III) reference 
standards	were	purchased	from	Frontier	Scientific,	Inc.	(Logan,	UT,	
USA).	Isotopically	labeled	CP	III	sodium	bisulfate	salt	(CP	III-	15 N4) is 
used as an internal standard for CP I and CP III. All other chemicals 
and vehicles were of analytical grade or the highest commercially 
available	quality.

2.2  |  Animals

The present study was approved by the Ethics Committees of Toray 
Industries, Inc., and animal experiments were conducted according 
to the Guidelines for Animal Experiments of Toray Industries, Inc. 
PXB	male	mice	were	obtained	from	PhoenixBio	Co.,	Ltd.	(Hiroshima,	
Japan)	 at	 ages	 17–18 weeks,	 and	 Crl:CD1	 (ICR)	 male	 mice	 were	
purchased	 from	Charles	River	Laboratories	 Japan,	 Inc.	 (Kanagawa,	
Japan)	at	ages	7 weeks.	Replacement	 index	 (RI),	 repopulation	 ratio	
of human hepatocytes in host mouse liver,16 was estimated to be 
85%–91%	 by	 the	 concentration	 of	 human	 albumin	 in	 the	 blood	
of PXB mice. Each PXB mice was dosed three times (three doses) 
with two routes of administration (oral and intravenous) totaling six 
conditions with a seven- day washout period between doses.

2.3  |  Human Hepatocytes Isolated from Chimeric 
Mice, PXB- cells

Approximately,	1.5–1.7 × 108 human hepatocytes (PXB- cells®) were 
obtained	from	a	PXB	mouse	(repopulation	ratio:	96%–101%)	using	the	
collagenase perfusion method.29	Fresh	human	hepatocytes	attached	
to	24-	well	cell	plates	confluently	at	a	density	of	2.1 × 105 cells/cm2 
(4.0 × 105	 cells/well),	 and	 were	 maintained	 for	 two	 to	 four weeks	
with	 d-	HCGM	 medium	 consisting	 of	 Dulbecco's	 modified	 Eagle's	
medium.30	 PXB-	cells	 were	 used	 within	 21 days	 after	 preparation,	
during which transporter expressions were confirmed.31
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2.4  |  In vitro concentration- dependent uptake of 
CP I and CP III in PXB- cells

Prior	 to	 the	 assay,	 cells	 were	 rinsed	 twice	with	 pre-	warmed	 PBS	
(37°C)	and	equilibrated	in	HBSS	for	2 min.	Uptake	studies	were	ini-
tiated	by	 removing	 the	equilibrating	buffer	and	adding	0.50 mL	of	
HBSS	containing	0.1–3 μmol/L	of	CP	I	or	CP	III.	Hepatocytes	were	
then	incubated	at	37°C	in	a	humidified	5%	CO2 atmosphere. After 
5 min,	 the	 incubation	 was	 terminated	 by	 removing	 the	 transport	
buffer,	and	cells	were	immediately	washed	with	ice-	cold	PBS	three	
times.	 After	 adding	 0.5 mL	 of	 acetonitrile	 containing	 0.1%	 formic	
acid to each well, cells were scraped and recovered to another tube 
using a pipette. The concentrations of CP I and CP III were measured 
by	LC–MS/MS.	In	order	to	assess	the	passive	uptake	of	CP	I	and	CP	
III in the hepatocytes, the same experiment was conducted on ice.

2.5  |  In vitro DDI for the uptake of CP I and CP III 
with RIF in PXB- cells

The	in	vitro	inhibitory	effects	of	RIF	on	the	uptake	of	CP	I	and	CP	III	in	
PXB- cells were examined using a similar method as the uptake studies 
on CP I and CP III described above. Uptake studies were initiated by 
removing	the	equilibrating	buffer	and	adding	0.50 mL	of	HBSS	con-
taining	between	0.01	and	100 μmol/L	of	RIF,	and	0.3 μmol/L of CP I or 
CP	III.	Cells	were	incubated	at	37°C	for	10 min.	In	order	to	assess	the	
passive	uptake	of	CP	I	and	CP	III	at	the	concentration	of	0.3 μmol/L in 
the hepatocytes, the same experiment was conducted on ice.

2.6  |  Measurement of CP I, CP III, and RIF 
concentration in mouse plasma

Animals	 were	 fasted	 overnight	 (16 h)	 before	 dosing.	 RIF	 was	
dissolved	 in	distilled	water	containing	10%	dimethyl	 sulfoxide	and	
10%	PEG400	 for	 its	 oral	 and	 intravenous	 administration.	 RIF	was	
administrated orally to mice by stomach tube or intravenously via 
tail	vein	at	a	dose	of	10	or	30 mg/kg.	In	the	PK	analysis,	serial	blood	
samples	were	collected	from	the	orbital	vein	at	0.5,	1,	2,	4,	and	8 h.	
The plasma samples were obtained, followed by centrifugation at 
1500g	for	10 min,	and	stored	at	−30°C	until	analysis.

2.7  |  Measurement of CP I and CP III concentration 
in mouse urine

Animals were placed in metabolism cages and fasted overnight 
before	dosing.	After	a	single	oral	administration	of	RIF	(30 mg/kg),	
urine	was	collected	in	a	0–24 h	interval	to	evaluate	urinary	excretion	

of CP I and CP III. Collected urine was centrifuged to remove solid, 
diluted	equal	volume	among	samples	with	distilled	water,	and	stored	
at	−30°C	until	analysis.

2.8  |  Bioanalysis by liquid chromatography (LC) and 
Tandem Mass spectrometry (MS/MS)

All samples were kept in the dark and sample processes were carried 
out by protecting them from light as much as possible. A plasma 
or	 urine	 sample	 (20 μL)	 was	mixed	well	 with	 180 μL of methanol/ 
acetonitrile	(1:1)	containing	internal	control	and	centrifuged	(1500 × g, 
4°C,	15 min).	The	supernatant	was	filtered	and	then	applied	to	LC–
MS/MS	 with	 the	 ACQUITY	 UPLC	 system	 (Waters	 Corporation,	
Massachusetts,	USA)	and	the	mass	spectrometer	API5000	(Applied	
Biosystems/MDS	Sciex,	Tokyo,	Japan).	Chromatographic	separation	
was	performed	with	Ace	Excel	C18	PFP	2.1 × 150 mm	(particle	size	
3 μm) (Advanced Chromatography Technologies Limited, Aberdeen, 
Scotland)	for	CP	I,	CP	III,	and	CP	III-	15 N4,	CAPCELL	PAK	C18	MGIII	
2.0 × 50 mm	 (particle	 size	 5 μm)	 (Shiseido	 Co.,	 Ltd.,	 Tokyo,	 Japan)	
for	RIF.	For	CPs	detection,	mobile	phase	A	consisted	of	10 mmol/L	
ammonium	 formate,	 whereas	 mobile	 phase	 B	 consisted	 of	 100%	
acetonitrile.	 A	 solvent	 gradient	 (flow	 rate	 of	 0.5 mL/min)	 was	
adopted	as	follows	for	a	total	run	time	of	5 min:	0–2.0 min,	isocratic	
at	45%	phase	B;	2.0–2.1 min,	98%	B;	2.1–3.5 min,	98%	B;	3.5–3.6 min,	
45%	B;	 3.0–5.0 min	 45%	B.	 The	mass	 spectrometer	 spray	 voltage	
was	set	at	5000 V,	whereas	the	probe	temperature	was	650°C	with	
positive	ion	polarity.	For	RIF	detection,	mobile	phase	A	consisted	of	
10 mmol/L	ammonium	formate,	whereas	mobile	phase	B	consisted	
of	0.1%	formic	acid	in	acetonitrile.	The	initial	percentage	of	phase	B	
was	0%.	A	linear	gradient	was	applied	from	0%	to	50%	phase	B	over	
1 min,	from	50%	to	100%	phase	B	over	2 min,	maintained	at	100%	
phase	B	 for	1 min,	and	decreased	 to	0%	phase	B	 for	equilibration.	
The	mass	 spectrometer	 spray	 voltage	was	 set	 at	 5500 V,	whereas	
the probe temperature was 500°C with positive ion polarity. The 
sample	injection	volume	was	10 μL. The tandem mass spectrometer 
was operated in the multiple reaction monitoring mode (MRM) 
and	 Q1,	 Q3	 quadrupoles	 were	 set	 at	 unit	 mass	 resolution,	 Mass	
transition, m/z	655.2 → 596.2	was	selected	to	monitor	CP	I	and	CP	
III, while m/z	659.2 → 541.3	transition	was	used	for	CP	III-	15 N4, and 
m/z	823.4 → 791.7	transition	for	RIF.

2.9  |  Data processing

2.9.1  |  In	vitro	transport	activity

The in vitro uptake rates of CP I and CP III in PXB- cells were calcu-
lated using the below Equation 1:

Uptake Rate

(1)UptakeRate(pmol∕min∕well) =
UptakeAmount ofCPIorCPIII inPXB-cellsperWell (pmol∕well)

Incubation Time(min)
.
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A kinetic analysis of the transporter- mediated uptake of CP I and 
CP III in PXB- cells was performed with the extended Michaelis–Menten 
equation,	and	Km and Vmax were calculated using the following Equation 2:

where S is the substrate concentration of CP I or CP III in the incu-
bation buffer (μmol/L), Km is the Michaelis–Menten constant (μmol/L), 
and Vmax is the maximum uptake rate (pmol/min/106	cells).	Fitting	was	
performed	 by	 a	 non-	linear	 least-	squares	 regression	 method	 using	
Phoenix	WinNonlin	ver.	7.0	(Certara	Inc.,	Prinston,	NJ,	USA).

The IC50 calculation was conducted in R (v. 4.1.2) environment 
with R package dr4pl.32

2.10  |  PK analysis

Pharmacokinetic parameters were calculated by a non- compartmental 
method using Phoenix WinNonlin ver 7.0. The AUC ratio (AUCR) 
was	 calculated	 using	 the	 following	 formula:	 AUCR = AUC0- 8h of the 
treatment group of interest/AUC0- 8 h of the vehicle control group.

2.11  |  Estimation of the maximum unbound 
concentration of RIF at the inlet to the liver

The	 unbound	 maximum	 hepatic	 inlet	 concentration	 of	 the	 RIF	 in	
blood (Iin,max,u)	was	calculated	using	the	following	equations:

where Imax,b is the maximum circulating blood concentration of the 
RIF,	which	is	equal	to	Cmax; Fa	is	the	fraction	of	the	RIF	dose	absorbed;	
Fg	is	the	fraction	of	the	absorbed	RIF	dose	escaping	gut	wall	extraction;	
and	dose	is	the	RIF	dose.	fu,b	is	the	unbound	fraction	of	the	RIF	in	blood,	
which	was	calculated	from	multiplying	the	unbound	fraction	of	the	RIF	

in plasma (fu,p)	by	the	uptake	rate	of	the	RIF	into	blood	cells,	human	fu,p 
was given 0.2233 and mouse fu,p was given 0.033.34 In PXB mice, fu,p 
was estimated 0.19, following previously reported that the unbound 
fraction in the mixed plasma of human and mouse plasma (85:15) was 
well correlated with fu,p in PXB mice.35 In addition, the uptake rate of 
drug into blood cells was given 1, the absorption rate constant of the 
RIF	(ka) was given 1.61,36 the sum of the blood flow in hepatic artery 
and	portal	vein	 (Qh)	was	given	5.4 L/h/kg,

37 and an excreted rate of 
unchanged	form	of	RIF	in	mouse	urine	(Ae) of was given 0.189.38

2.12  |  Statistical analysis

The	Student's	t- test was applied to assess the statistical significance 
of each parameter and value in the in vivo DDI study between CP I 
or	CP	 III	 and	RIF.	 In	comparison	with	 three	groups,	 the	Bonferroni	
method was employed. Difference was assessed with two- sided test 
with a level of 0.01 or 0.05.

3  |  RESULTS

3.1  |  In vitro concentration- dependent uptake of 
CP I and CP III in PXB- cells

The potential ability to uptake each CP I and CP III in human hepato-
cytes (PXB- cells®) derived from a PXB mouse was examined. CP I 
or CP III was incubated with PXB- cells at a concentration of 0.1 to 
3 μmol/L and temperature of 37°C or on ice. The concentrations of 
CP I and CP III in PXB- cells without the addition of each CP I and CP 
III	were	below	the	LLOQ.	The	active	uptake	amount	of	CP	I	and	CP	
III were calculated by subtracting each value obtained on ice from 
the	corresponding	value	at	37°C.	The	Michaelis–Menten	equation	
showed that Km	of	CP	I	and	CP	III	were	1.11	and	1.46 μmol/L, and 
Vmax	of	CP	I	and	CP	III	were	1.77	and	2.46 pmol/min/10

6 cells (0.708 
and	0.984 pmol/min/well),	respectively	(Figure 1).

(2)UptakeRate =
Vmax × S

Km + S
,

Iin,max,u = fu,b ×
(

Imax,b + FaFg × ka × Dose∕Qh

)

,

F I G U R E  1 Concentration-	dependent	accumulation	of	CP	I	and	III	in	PXB-	cells.	Active	transport	is	calculated	as	the	difference	of	total	and	
passive uptake, passive uptake was determined on ice in this experiment. Each point is represented as mean (n = 2).
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3.2  |  In vitro DDI for the uptake of CP I and CP III 
with RIF in PXB- cells

The	inhibitory	effects	of	RIF	(concentration:	0.02	to	200 μmol/L) on 
the	uptake	of	each	CP	I	and	CP	III	(concentration:	0.3 μmol/L) in PXB- 
cells were examined. The uptake of CP I and CP III were inhibited in 

the	concentration-	dependent	manner	of	RIF,	and	the	IC50 were 1.67 
and	2.62 μmol/L, respectively (Figure 2).

3.3  |  Effect of RIF on the concentration of CP I and 
CP III in ICR mice plasma

RIF	was	administrated	orally	and	intravenously	to	each	group	con-
sisting	of	 three	fasted	 ICR	mice,	at	a	dose	of	10	or	30 mg/kg.	The	
mean	plasma	concentration-	time	curves	of	RIF	after	a	single	oral	or	
intravenous	administration	of	RIF	 to	male	 ICR	mice	are	presented	
in Figure 3.	The	pharmacokinetic	parameters	of	RIF	are	presented	
in Table 1.	Following	a	single	oral	dose	of	10	and	30 mg/kg	of	RIF,	
the plasma concentrations of the unchanged form reached its maxi-
mum level (Cmax)	of	5417	and	17 367 ng/mL	at	2 h	post-	dose	and	the	
elimination half- life (t1/2)	were	 3.96	 and	 3.64 h.	 Following	 a	 single	
intravenous	dose	of	10	 and	30 mg/kg	of	RIF,	 the	 systemic	plasma	
clearance (CLtot)	was	100	and	59.8 mL/h/kg,	and	bioavailability	(BA)	
was	40.7%	and	33.2%,	 respectively.	Both	Cmax and AUC0- 24h were 
dose- dependently increased. Considering that mouse plasma pro-
tein	binding	ratio	of	RIF	was	reported	as	96.7%,34 plasma concentra-
tions	of	 unbound	RIF	 after	 oral	 and	 intravenous	 administration	 at	
10	and	30 mg/kg	to	ICR	mice	was	reached	573 ng/mL	(0.70 μmol/L) 
and	1571 ng/mL	(1.91 μmol/L), respectively. The unbound maximum 
hepatic	inlet	concentration	of	the	RIF	in	blood	(Iin,max,u) after oral ad-
ministration	at	30 mg/kg	to	 ICR	mice	was	calculated	as	672 ng/mL	
(0.82 μmol/L) (Table 2).

Plasma concentrations of CP I and CP III were determined in 
the ICR mice. The mean plasma concentration- time curves of CP I 
and CP III are presented in Figure 4. Plasma concentrations of CP I 
and CP III in the vehicle- dosed control samples were not constant 
but	 increased	from	8	to	24 h	after	administrations.	Besides,	some	
samples	in	RIF-	treated	groups	also	showed	the	increase	of	plasma	

F I G U R E  2 IC50 determination for the inhibition of CP I and III 
uptake	by	RIF	in	PXB-	cells.	Intracellular	CP	I	and	III	accumulation	
were	determined	after	coincubation	with	0.3 μmol/L CP I and III, 
and	0.02–200 μmol/L	RIF	for	5 min	at	37°C.	The	RIF	concentration	
causing half- maximal inhibitory effect (IC50) on CP I and III 
accumulation in PXB- cells was calculated. Each point is represented 
as mean (n = 2).

CP III IC50 = 2.62 μmol/L

CP I IC50 = 1.67 μmol/L
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F I G U R E  3 Plasma	concentration-	time	curves	of	unchanged	form	after	a	single	oral	(A)	or	intravenous	(B)	administration	of	RIF	to	male	
ICR	mice.	Each	point	and	bar	are	represented	as	mean ± SD	(n = 3).
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concentrations of CP I and CP III in that time period despite very 
low	 RIF	 concentrations	 (data	 not	 shown).	 Implying	 that	 the	 ten-
dency might have been caused by circadian rhythm and consider-
ing homeostasis of CP I and CP III, AUC of plasma CP I and CP III 
were	calculated	from	samples	collected	until	8 h	after	administra-
tion in this study. There was no significant difference in CP I and 
CP III AUC0- 8h	after	an	oral	administration	of	RIF	compared	to	the	
vehicle- treated group, while significant 1.3- fold and 2.2- fold in-
creases in CP I AUC0- 8h (p < 0.01)	were	observed	 in	 intravenously	

RIF	 administrated	 mice	 (Table 3). Plasma CP III AUC0- 8h follow-
ing	 intravenous	 administration	 of	 30 mg/kg	 RIF	 was	 significantly	
increased by 2.4- fold compared with the vehicle- treated group 
(p < 0.05).	AUC0- 8h of CP III was higher than that of CP I in the orally 
and intravenously vehicle- treated group (fold increases of 4.6 and 
3.3, respectively). It has been reported that AUC0- 8h of CP III was 
higher	than	that	of	CP	I	by	4.5-	fold	in	non-	treated	FVB/N	mice.14

3.4  |  Effect of RIF on the concentration of CP I and 
CP III in PXB mice plasma

RIF	was	administrated	orally	and	intravenously	to	each	group	con-
sisting	of	three	fasted	PXB	mice,	at	a	dose	of	10	or	30 mg/kg.	The	
mean	plasma	concentration-	time	curves	of	RIF	after	a	single	oral	or	
intravenous	administration	of	RIF	to	male	PXB	mice	are	presented	in	
Figure 5.	The	pharmacokinetic	parameters	of	RIF	are	presented	 in	
Table 1.	Following	a	single	oral	dose	of	10	and	30 mg/kg	of	RIF,	the	
Cmax	were	1277	and	4180 ng/mL	at	2.33	and	0.83 h	post-	dose	and	
the t1/2	were	5.26	and	6.71 h.	Following	a	single	intravenous	dose	of	
10	and	30 mg/kg	of	RIF,	the	plasma	concentrations	of	the	unchanged	
form	at	0.5 h	post-	dose	(C0.5h)	were	1840	and	5903 ng/mL	and	the	
CLtot	were	1169	and	1161 mL/h/kg.	Both	Cmax and AUC were dose- 
dependently	 increased.	 However,	Cmax	 and	 AUC	 of	 RIF	 after	 oral	
administration in PXB mice were lower than those in ICR mice (by a 
fourth and by a sixth, respectively).

Considering that estimated fu,p	 of	RIF	 in	PXB	mouse	was	0.19,	
plasma	 unbound	 concentrations	 of	 RIF	 after	 oral	 and	 intravenous	
administration	at	10	and	30 mg/kg	to	PXB	mice	was	reached	929 ng/
mL	 (1.13 μmol/L)	 and	 1362 ng/mL	 (1.66 μmol/L) respectively. The 
Iin,max,u	 after	 oral	 administration	 at	 30 mg/kg	 was	 calculated	 as	
2553 ng/mL	(3.10 μmol/L) (Table 2).

Plasma samples for the determination of CP I and CP III concen-
trations were collected from PXB mice after a single oral or intra-
venous	administration	of	vehicle	or	RIF	(10	or	30 mg/kg).	The	mean	
plasma concentration- time curves of CP I and CP III are presented 
in Figure 6. A significant 1.8- fold and 2.6- fold increases in CP I 
AUC0- 8h (p < 0.01)	were	 observed	 in	 orally	 RIF	 (10	 and	30 mg/kg)	
administrated PXB mice (Table 3). After a single intravenous admin-
istration	of	RIF	(10	and	30 mg/kg),	AUC0- 8h of CP I was increased by 
2.0- fold and 3.9- fold respectively, whereas a significant difference 
was	observed	 in	30 mg/kg	RIF-	treated	PXB	mice	 (p < 0.01).	There	
was no significant difference in CP III AUC0- 8h	after	RIF	treatment	
compared to the vehicle- treated group. AUC0- 8h of CP III was higher 
than that of CP I in the orally and intravenously vehicle- treated 
group (fold increases of 4.5 and 3.3, respectively).

3.5  |  CP I/III levels in mouse urine following 
administration of RIF

Urine samples were collected from ICR and PXB mice orally ad-
ministrated	30 mg/kg	RIF	(Figure 7). The amounts of CP I and CP 
III	excreted	in	the	urine	for	24 h	(Xe(0- 24h))	were	higher	in	RIF	dosed	

TA B L E  1 Pharmacokinetic	parameters	of	unchanged	form	after	a	
single	oral	or	intravenous	administration	of	10	and	30 mg/kg	RIF	to	
male ICR mice and PXB mice.

Dose (mg/kg)

Oral Intravenous

10 30 10 30

ICR Cmax (ng/mL) 5417 17 367 — —

C0.5 h (ng/mL) — — 15 133 47 067

Tmax (h) 2.00 2.00 — —

AUC0- last (h·ng/mL) 40 124 164 672 98 842 498 982

CLtot (mL/h/kg) — — 100 59.8

Vd,ss (mL/kg) — — 475 337

t1/2 (h) 3.96 3.64 3.74 3.11

PXB Cmax (ng/mL) 1277 4180 — —

C0.5 h (ng/mL) — — 1840 5903

Tmax (h) 2.33 0.83 — —

AUC0- last (h·ng/mL) 6593 25 898 7989 24 388

CLtot (mL/h/kg) — — 1169 1161

Vd,ss (mL/kg) — — 2432 3404

t1/2 (h) 5.26 6.71 1.30 2.22

Abbreviations: AUC0- last,	AUC	from	time	zero	to	8 h	(intravenous	
administration	in	PXB	mice)	and	time	zero	to	24 h	(others);	—,	not	
applicable.

TA B L E  2 Estimated	unbound	RIF	concentrations	inlet	to	the	
liver and in systemic plasma in ICR and PXB mice at doses of 10 and 
30 mg/kg.

Dose 
(mg/kg)

Concentration (μmol/mL)

Iin,max,u

Maximum observed 
systemic unbound in 
plasma

ICR

p.o. 10 0.26 0.22

30 0.82 0.70

i.v. 10 — 0.66

30 — 1.91

PXB

p.o. 10 1.01 0.30

30 3.10 0.97

i.v. 10 — 0.56

30 — 1.43

Note: Data are expressed as mean (n = 3).
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ICR mice compared with the vehicle- treated animals (fold increase 
of 1.4), and the difference observed in urinary CP I was statisti-
cally significant (p < 0.01).	The	amounts	of	CP	I	and	III	Xe(0- 24h) were 
significantly	 increased	 in	RIF-	dosed	PXB	mice	compared	with	the	

vehicle- treated animals (fold increases of 3.2 (p < 0.01)	 and	 2.4	
(p < 0.05)).	Among	vehicle-	treated	animals,	the	Xe(0- 24h) of CP III was 
higher than that of CP I in ICR and PXB mice urine (fold increase of 
4.7 and 1.9).

F I G U R E  4 Plasma	concentration-	time	curves	of	CP	I	(A,	B)	and	III	(C,	D)	after	a	single	oral	or	intravenous	administration	of	RIF	to	male	
ICR	mice.	Each	point	and	bar	are	represented	as	mean ± SD	(n = 3).

(A) p.o. (B) i.v.
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Dose 
(mg/kg)

AUC0- 8h (nmol/L·h) [fold change vs. vehicle]

Oral Intravenous

CP I CP III CP I CP III

ICR Vehicle 3.09 ± 1.30	[−] 14.4 ± 1.3	[−] 3.19 ± 0.35	[−] 10.5 ± 2.0	[−]

RIF	10 2.87 ± 0.77	[0.9] 11.6 ± 3.4	[0.8] 4.28 ± 0.08*	[1.3] 15.4 ± 2.8	[1.5]

RIF	30 4.83 ± 0.75	[1.6] 18.1 ± 6.9	[1.3] 7.09 ± 0.65**	[2.2] 25.3 ± 8.1	[2.4]

PXB Vehicle 3.23 ± 0.25	[−] 11.4 ± 1.3	[−] 3.22 ± 0.85	[−] 11.6 ± 1.9	[−]

RIF	10 5.75 ± 0.47**	[1.8] 12.4 ± 1.0	[1.1] 6.42 ± 3.18	[2.0] 9.16 ± 4.92	[0.8]

RIF	30 8.34 ± 0.68**	[2.6] 12.8 ± 1.7	[1.1] 12.6 ± 2.7*	[3.9] 14.8 ± 2.7	[1.3]

Notes:	Data	are	expressed	as	mean ± SD	(n = 3);	**p < .01,	*p < .05,	statistically	significant	difference	
compared to the vehicle control group.
Abbreviation:	−,	not	applicable.

TA B L E  3 Comparisons	of	AUC0- 8h of 
CP I and CP III following a single oral or 
intravenous administration of vehicle, 10 
and	30 mg/kg	RIF	to	male	ICR	mice	and	
PXB mice.
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4  |  DISCUSSION

In human hepatocytes isolated from the chimeric PXB mice, CP I 
and III were taken up into the cells in a substrate concentration- 
dependent manner, with Km	 values	 of	 1.11	 and	 1.46 μmol/L and 
Vmax	 values	 of	 1.77	 and	 2.46 pmol/min/10

6 cells, respectively 
(Figure 1). Bednarczyk reported that the Km values of CP I were 
0.13 (OATP1B1) and 3.25 (1B3) μmol/L and the Km values of CP 
III were 0.22 (1B1), 4.61 (1B3), and 0.034 (2B1) μmol/L using 
transporter- expressing cells. CP I was not a substrate for 2B1.12 
Based on previous studies, the Km values of CP I and CP III ob-
tained	 in	 the	 present	 study	 were	 considered	 reasonable.	 RIF	
showed a concentration- dependent inhibition on the cellular up-
take of CP I and CP III with IC50	values	of	1.67	and	2.62 μmol/L, re-
spectively (Figure 2). In studies using transporter- expressing cells, 
the IC50	values	of	RIF	for	CP	I	and	CP	III	uptake	ranged	from	0.66	
to	 4.61 μmol/L	 using	OATP	1B1,	 from	0.25	 to	 1.61 μmol/L using 
OATP1B3, and only CP III uptake was observed using OATP2B1, 
with an IC50	 of	 48.4 μmol/L to N/A.12,15 The rate of uptake of 
CP III using OATP2B1 was approximately 0.8 to 1.3 times faster 
than that using OATP1B1 or 1B3, and the amounts of CP III up-
take using each transporter were similar.12	 In	 addition,	 Hirano	
et al. examined the expression rates of OATP1B1, 1B3, and 2B1 
in human hepatocytes from various lots and reported that 2B1 is 
expressed 0.07-  to 0.16- fold more than 1B1 and 1B3.7 Wang et al. 
reported similar expression levels of OATP1B1, 1B3, and 2B1 in 
human	hepatocytes	(each	around	10%	of	the	total	transporter	ex-
pression).39 Therefore, OATP2B1 may be responsible for approxi-
mately	20%	to	30%	of	the	overall	clearance	in	the	uptake	of	CP	III	
induced by OATPs in human hepatocytes. The effect of OATP2B1 
on CP III uptake and the difference in IC50 between CP I and CP III 
were not examined in this study.

Next, we measured the plasma concentrations of CP I and CP 
III in mice in vivo. The plasma concentration of CP III in the vehicle 
group	of	wild-	type	ICR	mice	was	similar	to	that	reported	in	FVB/N	
and Oatp1a/1b- null mice14 and was higher than the plasma con-
centration	of	CP	 I	 (ratio	of	CP	 I/CP	 III:	0.30 ± 0.07)	 (Figure 4). In 
PXB mice, the plasma CP III was also higher than that of CP I (ratio 
of	CP	I/CP	III:	0.29 ± 0.03)	(Figure 6). Notably, the plasma CP I/CP 
III ratio reported in humans is 5.7 to 6.5,13 and that in monkeys is 
3.1.40 CPs are by- products of heme biosynthesis. Bone marrow 
erythroblasts	 (75%–80%)	 and	 the	 liver	 (15%–20%)	 are	 primarily	
responsible for heme biosynthesis in humans.41 Even though the 
greater portion of the PXB mouse liver used in the present study 
was substituted for human hepatocytes, the plasma CP I/CP III 
ratio was similar to that in ICR mice, but not in humans, possi-
bly because the greater portion of CPs is derived from the bone 
marrow.

Subsequently,	we	confirmed	 the	 influence	of	RIF	administra-
tion in mice on plasma CP I and CP III concentrations. In ICR mice, 
oral	 administration	 of	 RIF	 did	 not	 significantly	 increase	 CP	 I	 or	
CP	 III	 in	 plasma.	However,	 intravenous	 administration	 showed	 a	
dose- dependent increase in plasma CP I and CP III, with a signif-
icant 2.2-  (p < .01)	 and	2.4-	fold	 (p < .05)	 increase	using	30 mg/kg	
RIF,	respectively	(Table 3). There are no reports on the IC50	of	RIF	
for CP I or CP III transports mediated by mouse OATP proteins 
(translated by Oatp1a1, Oatp1a4, Oatp1b2, and Oatp2b1), owing 
to	 the	difficulty	 in	obtaining	the	appropriate	 tools.	The	RIF	con-
centrations after oral administration in ICR mice may be insuffi-
cient to inhibit CP I and CP III uptake induced by mouse OATPs 
(Table 2).	 In	 PXB	mice,	 the	 systemic	 clearance	 of	 RIF	was	 11	 to	
19 times greater than that in ICR mice, and the plasma concentra-
tions	of	RIF	 in	ICR	mice	were	 lower.	RIF	 is	primarily	metabolized	
in the liver, and the formation of deacetyl and formyl metabolites 

F I G U R E  5 Plasma	concentration-	time	curves	of	unchanged	form	after	a	single	oral	(A)	or	intravenous	(B)	administration	of	RIF	to	male	
PXB	mice.	Each	point	and	bar	are	represented	as	mean ± SD	(n = 3).	Some	points	are	represented	by	mean	of	two	(0.5	and	8 h	after	10 mg/kg,	
i.v.;	4 h	after	30 mg/kg,	i.v.)	or	by	one	sample	(4 h	after	10 mg/kg,	i.v.).
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has been well- characterized, but no reports have mentioned that 
significant	differences	appeared	in	the	RIF	metabolic	profiles	be-
tween humans and mice.42 Meanwhile, the plasma protein binding 
rate	in	mice	is	reported	to	be	96.7%,34 whereas that in humans is 
77.7%,33 suggesting that there may be no significant difference in 
systemic	 unbound	 plasma	RIF	 concentrations	 between	PXB	 and	

ICR mice (Table 2). In PXB mice, both oral and intravenous admin-
istrations	of	RIF	showed	a	dose-	dependent	increase	in	plasma	CP	I,	
with a significant 2.6-  (p < .01)	and	3.9-	fold	(p < .01)	increase	using	
30 mg/kg	RIF,	respectively	(Table 3).	However,	unlike	ICR	mice,	no	
CP III increase in plasma was observed in PXB mice. Considering 
the	unbound	plasma	RIF	 concentrations	 and	 in	 vitro	 IC50 values 

F I G U R E  6 Plasma	concentration-	time	curves	of	CP	I	(A,	B)	and	III	(C,	D)	after	a	single	oral	or	intravenous	administration	of	RIF	to	male	
PXB	mice.	Each	point	and	bar	are	represented	as	mean ± SD	(n = 3).	Some	points	are	represented	by	mean	of	two	(0.5	and	8 h	after	10 mg/kg,	
i.v.;	4 h	after	30 mg/kg,	i.v.)	or	by	one	sample	(4 h	after	10 mg/kg,	i.v.).
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F I G U R E  7 Effects	of	RIF	on	urinary	
excretion of CP I and CP III in ICR (A) and 
PXB (B) mice. The 24- h urinary excretion 
rates of CP I and CP III were determined 
in mice after a single oral administration 
of	RIF.	Data	are	expressed	as	mean ± SD	
(n = 3);	*p < 0.05	and	**p < 0.01,	statistically	
significant difference compared to the 
vehicle control group.
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(CP	I:	1.67 μmol/L;	CP	III:	2.62 μmol/L),	the	plasma	RIF	concentra-
tions	may	be	insufficient	to	quantitatively	inhibit	OATP-	mediated	
CP III uptake in the liver in PXB mice. Additional experiments using 
more	than	30 mg/kg	RIF	are	necessary.

Mori et al. studied plasma endogenous substrate concentra-
tions, such as CP I and CP III, in humans after oral administration of 
RIF	and	reported	a	dose-	dependent	increase	in	the	AUC0- 24h of CP 
I in plasma.43 In their study, the Cmax	of	unbound	RIF	ranged	from	
1.06	to	5.06 μmol/L, and the AUCR of CP I ranged from 1.5 to 3.7. 
Thus,	the	unbound	RIF	in	PXB	mice	was	similar	to	or	slightly	lower	
than that reported in humans (Table 2), and the increases in plasma 
CP I were not significantly different from those observed in humans 
(Table 3). The extent of the increase in CPIII levels in plasma after 
administration	of	RIF	to	PXB	mice	was	smaller	than	that	of	CPI.	The	
same tendency was reported in human plasma after OTAP inhibi-
tion	by	RIF.13

Both CP I and CP III are excreted from the body through urinary 
excretion in the kidneys and bile excretion in the liver. The bile ex-
traction	rates	of	CPs	up	to	30 min	after	intravenous	administration	
of	the	isomers	in	rats	were	reported	to	be	72%	of	the	dose	for	CP	
I	 and	 35%	 of	 the	 dose	 for	 CP	 III.44 The renal clearance of CP III 
in monkeys and humans at a steady state is greater than that of 
CP I13,14; therefore, CP I is primarily excreted in bile, and CP III is 
primarily excreted in urine. Neither CP I nor CP III is influenced by 
enterohepatic circulation.27 CP I and CP III transport is mediated 
by	OATP1B1/B3,	but	not	by	OAT1/2/3/4,	OCT1/2,	MATE1/2-	K,	or	
NTCP.12,15 CP I is primarily excreted through passive transport, and 
CP III is considered to be excreted through active transport, but 
no reports have identified specific transport carriers.11 OATP2B1 
expression is detected in the proximal kidney tubule, and its activity 
may influence the concentration of CP III in circulating blood.45 In 
the present study, urinary excretion of CP III was higher than that of 
CP I in both ICR and PXB mice, which is similar to monkeys and hu-
mans.	The	elevated	urinary	CP	I	and	CP	III	levels	in	the	RIF-	treated	
group	in	PXB	mice	[CP	I:	3.2-	fold	(p < .01),	CP	III:	2.4-	fold	(p < .05)]	
were	more	pronounced	compared	with	those	in	ICR	mice	[CP	I:	1.4-	
fold (p < .01),	CP	III:	1.4-	fold	 (no	significant	difference)]	 (Figure 7). 
A previous study on the human urinary CP levels (Xe(0- 24h)) after 
RIF	administration	showed	a	3.6-	fold	increase	in	CP	I	and	1.6-	fold	
increase in CP III.13 In another study on cynomolgus monkeys, a 
single	oral	administration	of	RIF	increased	the	urinary	CP	I	and	CP	
III levels (Xe(0- 48h)) 4.3-  and 3.1- fold, respectively.14 In particular, sig-
nificant changes in urinary concentrations were observed in PXB 
mice for CP III, whereas no changes were observed in plasma. This 
is important considering that OATP2B1 is an uptake transporter for 
CP III from urine in the renal proximal tubules. Additionally, the uri-
nary excretion of CP III was lower in PXB mice than in ICR mice in 
the vehicle group. Therefore, the renal tissue expression of trans-
porters, including OATP2B1 in ICR and PXB mice, should be inves-
tigated in the future.

This is the first report on plasma and urinary concentrations of 
CP I and CP III in chimeric mice with human hepatocytes, namely 

PXB mice. This study showed that the treatment of PXB mice 
with	an	OATP1B	inhibitor,	namely	RIF,	significantly	increased	the	
plasma and urinary CP I concentrations. Notably, we obtained in-
formation	 on	 the	 relationship	 between	 the	 unbound	plasma	RIF	
concentration and changes in CP I in ICR and PXB mice over the 
range	of	RIF	exposure	that	has	been	reported	to	alter	plasma	CP	
I	 in	humans.	Furthermore,	changes	in	CP	III	 levels	were	different	
from those in CP I. Particularly, CP III levels in urinary excretion 
differed	between	ICR	and	PXB	mice.	For	OATP-	mediated	DDI	as-
sessment, plasma and urinary CP I and/or CP III levels in these 
mice can serve as biomarkers.
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