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BACKGROUND AND PURPOSE
Hyperbilirubinaemia and cholestasis are two major forms of liver abnormality. The Chinese herb Yin Chin has been used
for thousands of years to treat liver dysfunctions. In mice, this herb and its principal ingredient scoparone were found to
accelerate the clearance of bilirubin accompanied by the induction of uridine diphosphate-5′-glucuronosyltransferase-1A1
(UGT1A1), a bilirubin processing enzyme. The aim of this study was to determine whether scoparone induces the expression
of human UGT1A1. In addition, the expression of the bile salt export pump (BSEP), a transporter of bile acids, was
determined.

EXPERIMENTAL APPROACH
Primary human hepatocytes and hepatoma line Huh7 were treated with scoparone, chenodeoxycholic acid (CDCA) or
both. The expression of UGT1A1 and BSEP mRNA was determined. The activation of the human BSEP promoter reporter by
scoparone was determined in Huh7 cells by transient transfection and in mice by bioluminescent imaging. The metabolism of
scoparone was investigated by recombinant CYP enzymes and pooled human liver microsomes.

KEY RESULTS
Scoparone did not enhance the expression of either human BSEP or, surprisingly, UGT1A1. However, scoparone significantly
potentiated the expression of BSEP induced by CDCA. Consistent with this, scoparone potentiated the stimulant effect of
CDCA on the human BSEP promoter. This potentiation was enhanced by co-transfection of cytochrome P4501A2 but
abolished by the PKC inhibitor GF109203X.

CONCLUSIONS AND IMPLICATIONS
Scoparone and Yin Chin normalize liver function primarily by enhancing the secretion of bile acids, and this effect probably
varies depending on the metabolic rate of scoparone.

Abbreviation
BSEP, bile salt export pump; CAR, constitutive androstane receptor; CDCA, chenodeoxycholic acid; CYP, cytochrome
P450; CYP1A2, cytochrome P4501A2; EMEM, Eagle’s minimum Essential medium; FXR, farnesoid X receptor; GAPDH,
glyceraldehyde-3-phosphate dehydrogenase; ITS, insulin–transferrin–selenium; MRP2, multidrug resistance-related
protein 2; NTCP, Na+/taurocholate co-transporter; OATP, organic anion transporter; RT-qPCR, reverse transcription
quantitative-PCR; SC, scoparone; UGT1A1, uridine diphosphate-5′-glucuronosyltransferase-1A1; WME, William’s
medium E
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Introduction
The liver is the largest internal organ and has diverse func-
tions, notably nutrient processing, protein synthesis, lipid
catabolism and detoxification (Santoro et al., 2007; Bock and
Bock-Hennig, 2010; Villarroya et al., 2010). Hepatic homeo-
stasis is therefore critical in maintaining the overall physiol-
ogy of the entire body. In many cases, hepatic dysfunction
leads to altered functions of other organs (Romero-Gómez
et al., 2001; Ferenci et al., 2002; Tandon, 2003). For example,
as many as 50% patients with liver cirrhosis experience epi-
sodes of encephalopathy (Romero-Gómez et al., 2001), a syn-
drome associated with the global impairment of the brain.
The prevalence of hepatic dysfunction is high, and it affects
more than 10% of Americans (Liver Foundation, 2009).
Genetic defect (Pietrangelo, 2009), viral infection (Ferri et al.,
2010), alcohol consumption (Cederbaum et al., 2009) and
certain therapeutic agents (Calderon et al., 2010) are all found
to trigger liver dysfunction and cause liver diseases. Liver
illness is a major cause of mortality as well (IPA, 2007). World-
wide, liver cancer and chronic liver diseases are the eighth
leading cause of death (IPA, 2007).

Liver diseases are usually manifested with elevated biliru-
bin, bile acids and hepatic enzymes in the blood (Dolz et al.,
1989; Vítek and Ostrow, 2009; Paumgartner, 2010). Bilirubin
is a breakdown product of haeme from haemoglobin (Vítek
and Ostrow, 2009). Normally, bilirubin is transported from
the spleen and conjugated in the liver with glucuronic acid
by uridine diphosphate-5′-glucuronosyltransferase-1A1
(UGT1A1) (Ieiri et al., 2004; Vítek and Ostrow, 2009). The
conjugated bilirubin is secreted into the bile by transporters
such as multidrug resistance-related protein 2 (MRP2) (Ieiri
et al., 2004; Hirouchi et al., 2005). Bile acids, on the other
hand, are cholesterol derivatives and formed in the liver (Ho
et al., 2010; Stieger, 2010). Like glucuronidated bilirubin, bile
acids are eliminated through the bile. However, bile acids are
secreted by the bile salt export pump (BSEP) (Stieger, 2010).
Both genetic and non-genetic factors reportedly impair the
functions of BSEP, resulting in cholestasis (increased bile
acids) (Paumgartner, 2010; Stieger, 2010). Patients with the
progressive familial intrahepatic cholestasis type II have mul-
tiple mutations in the BSEP gene (Kagawa et al., 2008).
Cyclosporine A, a widely used immunosuppressant, induces
cholestasis in both humans and animals (Kis et al., 2009).

Nevertheless, elevated hepatic bile acids and bilirubin
have direct toxic effects on the liver (Rodrigues et al., 2002;
Trauner et al., 2008; Perez and Briz, 2009). Therefore, for liver
and many non-liver diseases, one of the therapeutic objec-
tives is to lower bilirubin and/or bile acids. While therapeutic
strategies are usually taken directly towards the underlying
causes of hyperbilirubinaemia (Paul et al., 2004; Cuperus
et al., 2009) and cholestasis (Pérez Fernández et al., 2004;
Paumgartner, 2010), several herbs are used simply to normal-
ize liver functions in general (Huang et al., 2004; Lee et al.,
2007; Wang et al., 2008; Chen et al., 2009). For thousands of
years, the Chinese herb Yin Chin has been used to treat liver
illness. Yin Chin-containing decoctions and its principal
ingredient scoparone (SC) (Huang et al., 2004; Tan et al.,
2008; Murat Bilgin et al., 2011) have been studied to elucidate
its mechanisms of action. In mice, the decoction and SC are
shown to accelerate the clearance of bilirubin, and the accel-

eration is accompanied by an induction of the expression of
UGT1A1 and MRP2 (Huang et al., 2004). These effects,
however, are absent in mice deficient in the constitutive
androstane receptor (CAR) (Huang et al., 2004).

The present study was performed to extend the observa-
tions made in mice and designed to test the hypothesis that
SC induces the hepatic expression of genes involved in the
elimination of bilirubin and bile acids in humans. Primary
hepatocytes were treated with this compound, and the
expression of UGT1A1 and BSEP was determined. In contrary
to the hypothesis, SC did not induce the expression of
UGT1A1 or BSEP, even at 100 mM. However, SC 10 mM signifi-
cantly potentiated the increase in BSEP induced by chenode-
oxycholic acid (CDCA). Consistent with this effect, SC
potentiated the ability of CDCA to stimulate the human BSEP
promoter, and this potentiation was much enhanced in cells
transfected with cytochrome P4501A2 (CYP1A2). The human
BSEP promoter was robustly activated in SC-treated mice and
mouse bsep was significantly enhanced in these mice as well.

Methods

Chemicals and supplies
Hanks balanced salt solution, SC, William’s medium E (WME)
and GF109203X were purchased from Sigma (St. Louis, MO).
Eagle’s minimum Essential medium (EMEM), high fidelity
Platinum Taq DNA polymerase, insulin–transferrin–selenium
(ITS) G supplement were purchased from Invitrogen (Carls-
bad, CA). Dual-Luciferase Reporter Assay System was from
Promega (Madison, WI). Supersomes™ expressing cyto-
chrome P450s (CYP) and control lysates were obtained from
Gentest (Woburn, MA). Fetal bovine serum was from
HyClone laboratories (Logan, UT). The antibodies against
glyceradehyde-3-phosphate dehydrogenase (GAPDH) or
lamin B1 were from Abcam (Cambridge, UK). The goat anti-
rabbit IgG conjugated with horseradish peroxidase was from
Pierce (Rockford, IL). Human primary hepatocytes were
obtained from the Liver Tissues Procurement and Distribu-
tion System (University of Minnesota) or CellzDirect (Pitts-
boro, NC). Unless otherwise specified, all other reagents were
purchased from Fisher Scientific (Fair Lawn, NJ).

Reverse transcription-quantitative
PCR (RT-qPCR)
Primary hepatocytes and hepatoma cells were cultured and
treated as described previously (Yang et al., 2007). A total of
five donors were included with three males (21 and 48 years
old) and two females (35 and 72 years old). Among the
donors, three were Caucasian and two African American.
None of them was smoker. Upon arrival, media were replaced
with rich WME containing ITS supplement and penicillin
(100 U·mL-1)/streptomycin (10 mg·mL-1) (Ma et al., 2005).
Total RNA (1 mg) was subjected to reverse transcription in a
total volume of 25 mL (Ma et al., 2005; Yang et al., 2007). The
resultant cDNAs were diluted eight times, and quantitative
PCR was conducted with TaqMan Gene Expression Assay
(Applied Biosystems, Foster City, CA). The TaqMan assay iden-
tification numbers were as follows: BSEP, Hs00184824_m1;
CYP2B6, Hs03044636_m1; UGT1A1, Hs02511055_s1;
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GAPDH, 4352934E; RNA polymerase II, Hs00172187_m1;
mouse bsep, Mm00445156_m1; mouse GAPDH,
Mm99999915_g1. The PCR amplification was conducted in a
total volume of 20 mL containing universal PCR master
mixture (10 mL), gene-specific TaqMan assay mixture (1 mL)
and cDNA template (6 mL). The mRNA levels were normalized
according to the level of GAPDH, and the normalization of
selected samples was confirmed based on the level of RNA
polymerase II. Amplification and quantification were done
with the Applied Biosystems 7500 Real-Time PCR System.

Co-transfection assays
Various BSEP promoter reporters and the farnesoid X receptor
(FXR) construct were described elsewhere (Deng et al., 2006;
2007). The FXR phosphorylation mutants were kindly pro-
vided by Dr Bart Staels of Institut National de la Santé et de la
Recherche Médicale (Gineste et al., 2008). Huh7 cells were
plated in 48-well plates in DMEM supplemented with 10%
fetal bovine serum at a density of 6 ¥ 104 cells per well.
Transfection was conducted by FuGene HD (Roche, India-
napolis, IN). Transfection mixtures contained 50 ng of a
reporter plasmid and 5 ng of TK-Renilla luciferase plasmid. In
some cases, a CYP expression construct was used in the
co-transfection, and the corresponding vector was used to
equalize the total amount of plasmid DNA. CYP1A2 expres-
sion construct was purchased from Origene (Baltimore, MD),
and the CYP3A4 expression construct was described else-
where (Zhu et al., 2000). Cells were transfected for 12 h and
the medium was replaced with fresh medium supplemented
with 1% fetal bovine serum. The treatment lasted for 24 h,
and the cells were washed once with PBS and collected by
scraping. The collected cells were subjected to two cycles of
freeze/thaw. The reporter enzyme activities were assayed with
a Dual-Luciferase Reporter Assay System. This system con-
tained two substrates, which were used to determine the
activities of two luciferases sequentially. The firefly luciferase
activity, which represented the reporter activity, was initiated
by mixing an aliquot of lysates (10 mL) with Luciferase Assay
Reagent II. Then the firefly luminescence was quenched, and
the Renilla luminescence was simultaneously activated by
adding Stop & Glo Reagent to the sample tubes. The firefly
luminescence signal was normalized based on the Renilla
luminescence signal.

In vivo activation of the human BSEP
promoter and induction of mouse bsep
Mice (~22 g, n = 3 per group) were injected with the human
BSEP promoter reporter (10 mg·mL-1) via the tail vein in a
volume equivalent to 10% of the body weight in 5 s. Next
day, mice were given an i.p. injection of SC, 10 mg·kg-1 in
suspension or the same volume of saline. The treatment was
repeated twice 12 h apart. Four hours after the last injection,
mice were injected i.p. with D-luciferin (~200 mL of
15 mg·mL-1 depending on the weight). After the mice had
been anaesthetized with isoflurane, bioluminescent images
were obtained by Xenogen IVIS 100 for 60 s at 15 min post
D-luciferin injection. The mice were later killed, and the livers
were collected. Total RNA was isolated and analysed for levels
of mouse bsep by RT-qPCR. The mRNA level of mouse
GAPDH was used to normalize the mRNA level of mouse

bsep. All mice were allowed free access to Purina Rodent
Chow 5001 and water. All animal care and experimental
procedures were in accordance with the Guide for the Care
and Use of Laboratory Animals of the National Institutes of
Health and were approved by the Institutional Animal Care
and Use Committee of the University of Rhode Island.

Metabolism of SC by recombinant CYPs and
pooled liver microsomes
Metabolism of SC was conducted with pooled human liver
microsomes and various recombinant CYPs including
CYP1A2, 2A6, 2B6, 2C8, 2C9, 2C18 and 3A4. The incubation
was performed in a total volume of 100 mL containing
potassium phosphate buffer (50 mM, pH 7.4), EDTA (1 mM),
MgCl2 (3 mM), NADP+(1 mM), glucose 6-phosphate (5 mM),
glucose 6-phosphate dehydrogenase (1 U·mL-1), SC (20 mM)
and a CYP (1 pmol), or pooled human liver microsomes
(20 mg). SC was dissolved in acetonitrile, and the final concen-
tration of the solvent was 0.1%. After a 3 min pre-incubation,
reactions were started by addition of the NADPH-regenerating
system and incubated at the same temperature for 60 min. The
reactions were terminated by addition of 200 mL ice-cold
acetonitrile, and the precipitated protein was removed by
centrifugation (12 000 ¥ g for 15 min at 4°C). The metabolism
was monitored by HPLC (Elite Chrom) with a Chromolith
SpeedROD column RP-18e (Merck, Germany). The superna-
tants (10–30 mL) of the reaction mixtures were injected and
separated by a discontinuous gradient: 2% acetonitrile for
1 min, 15% acetonitrile for 15 min and 35% for 8 min at a flow
rate of 2 mL·min-1. The metabolic profiles were monitored by
a diode array detector at 323 nm. The chemical identity of
purified metabolite (M1) was determined in 60:40 acetonitrile
by LC-MS (QSTAR Elite quadrupole time-of-flight). The parent
compound and the metabolite M1 have the m/z ratio of 207
and 193, respectively.

Western analysis
Nuclear and cytoplasmic extracts were prepared with a
nuclear extract kit (Active Motif, Carlsbad, CA). Samples were
resolved by 7.5% SDS-PAGE in a mini-gel apparatus and trans-
ferred electrophoretically to nitrocellulose membranes. After
non-specific binding sites were blocked with 5 % non-fat
milk, the blots were incubated with an antibody against
CYP2B6, CAR, GAPDH or lamin B. The antibodies against
CYP2B6 and CAR were prepared with synthetic peptides
and purified as described previously (Zhu et al., 2000).
The sequences of CYP2B6 and CAR were as follows:
CYP2B6, NH2-CIDTYLLHMEKEK-COOH; CAR, NH2-
SPDKPGVTQRDEIDQC-COOH. The specificity was estab-
lished with the corresponding recombinant proteins. The
primary antibodies were localized with goat anti-rabbit IgG
conjugated with horseradish peroxidase. Horseradish peroxi-
dase activity was detected with a chemiluminescent kit
(SuperSignal West Pico). To determine the level of the house-
keeping gene proteins, the blots were first incubated at 50°C
for 40 min in the striping buffer (2% SDS, 100 mM
2-mercaptoethanol and 62.5 mM Tris–HCl, pH 7.0), blocked
with 5 % non-fat milk and then incubated with an antibody
against a house-keeping gene protein. The chemiluminescent
signal was captured by KODAK Image Station 2000 (Eastman
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Kodak Company, Rochester, NY, USA) and the relative inten-
sities were quantified by KODAK 1D Image Analysis Software.

Other analyses
Protein concentrations were determined with a BCA assay
(Pierce) based on albumin standard. Data are presented as
mean � SD of at least three separate experiments, except
where results of blots are shown in which case a representa-
tive experiment is depicted in the figures. Statistical signifi-
cance between two means was made according to one-way
ANOVA followed by a Duncan’s multiple comparison test (P <
0.05). Letters or asterisks were used to indicate data points for
the comparisons.

Results

SC induces the expression of CYP2B6 but not
UGT1A1 or BSEP
Human primary hepatocytes were treated with SC at
10–100 mM, which spanned the concentrations used in the
mouse study by Huang et al. (2004). Five individual donors
were included. The treatment lasted for 24 h, and the expres-
sion was monitored by RT-qPCR, and selective samples were
analysed by Western blotting. In addition to UGT1A1 and
BSEP, the level of CYP2B6 mRNA was also determined. Inclu-
sion of CYP2B6 was based on the finding that the nuclear
receptor CAR was found to support the action of SC in knock-
out mice (Huang et al., 2004), and the CYP2B6 gene is a CAR
target gene (Wang et al., 2004).

The results on the induction of mRNA are summarized in
Figure 1A. With only one exception, SC caused no statisti-
cally significant increase in any of the genes at any concen-
trations assayed. CYP2B6 was significantly increased at
100 mM, the highest concentration used in this study
(Figure 1A). SC at 50 mM increased CYP2B6 mRNA by 81%,
but this increase did not reach statistical significance (P =
0.101) (Figure 1A). We next tested whether this concentration
causes a measurable increase in CYP2B6 protein. Consistent
with the evident increase in CYP2B6 mRNA, the level of
CYP2B6 protein was markedly increased (Figure 1B). To deter-
mine whether SC at this concentration causes nuclear trans-
location of CAR, nuclear and cytoplasmic fractions were
prepared and analysed for the presence of this receptor in the
subcellular fractions. As shown in Figure 1B, SC markedly
increased the nuclear accumulation of CAR (nCAR) accom-
panied by decreased cytoplasmic CAR (cCAR) (Figure 1B).

The non-significant increase in UGT1A1 and BSEP was
unexpected. We next tested whether SC alters the expression
of BSEP in response to CDCA, a bile acid known to induce
BSEP (Deng et al., 2006). Likewise, primary hepatocytes were
treated with SC, CDCA or both. Both CDCA and SC were
assayed at 10 mM, a concentration that is widely used under
laboratory conditions (Huang et al., 2004; Kaimal et al.,
2009). The concentration of total bile acids in the blood in
cholestasis ranges from 10 to 30 mM (Brites et al., 1998), and
it is estimated that SC reaches 10–20 mM in the liver after oral
administration; this is based on a pharmacokinetic study in
rats (Yu et al., 2007). As expected, CDCA efficaciously
increased BSEP but had little effect on CYP2B6 or UGT1A1

Figure 1
Induction of CYP2B6, UGT1A1 and BSEP and nuclear translocation of
CAR. (A) Induction of CYP2B6, UGT1A1 and BSEP in human primary
hepatocytes treated with SC at 10–100 mM or the vehicle DMSO for
24 h. Total RNAs were isolated and subjected to RT-qPCR analysis for
the mRNA levels of CYP2B6, UGT1A1 and BSEP. *Significant differ-
ence from DMSO-treated hepatocytes. (B) Western blot analysis of
CYP2B6 and CAR. Pooled cell lysates (10 mg), nuclear proteins
(20 mg) or cytoplasmic proteins (20 mg) were subjected to SDS-PAGE
and transferred electrophoretically to Trans-Blot nitrocellulose mem-
branes. The immunoblots were blocked in 5% non-fat dry milk and
then incubated with the antibody against CYP2B6 or CAR. The blots
were detected with chemiluminescent substrate. To re-probe for the
house keeping genes, the blots were striped, blocked again and
incubated with GAPDH or lamin B1 antibody. (C) Potentiation of the
induction of BSEP in human primary hepatocytes treated with SC
(10 mM), CDCA (10 mM) or both for 24 h. Total RNAs were isolated
and subjected to RT-qPCR analysis for the mRNA levels of CYP2B6,
UGT1A1 and BSEP. *Significant difference between CDCA and
SC/CDCA co-treatment (n = 5).
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(Figure 1C). Likewise, SC (10 mM) caused little change in the
expression of all three genes. However, SC significantly
potentiated the ability of CDCA to increase BSEP (Figure 1C).
This potentiating effect of SC exhibited larger inter-
individual variation than the induction of BSEP by CDCA
(Figure 1C).

Enhancement of FXR transactivation by SC
It has been established that the nuclear receptor FXR, a bile
acid sensor (Fiorucci and Baldelli, 2009), supports CDCA
induction of BSEP. Next we tested whether SC potentiates
FXR transactivation of the BSEP promoter. The Huh7
hepatoma line was used to test this possibility. In an initial
experiment we detected ~20% potentiation of FXR transacti-
vation by SC. This was unexpected because SC induced a
higher potentiation of CDCA’s activity in primary hepato-
cytes (Figure 1C). One possibility is that the hepatoma cell
line has lower metabolizing capacity than hepatocytes.
Therefore, we tested whether co-transfection of CYP3A4 or
CYP1A2 increases the enhanced transactivation. CYP3A4 is
known to mediate the metabolism of more than 50% of drugs
and other xenobiotics, and CYP1A2 has been suggested to
metabolize SC based on a study in rats (Mennes et al., 1991).
As shown in Figure 2A, co-transfection of CYP1A2 but not
CYP3A4 or the vector supported significant potentiation of
the transactivation of the BSEP reporter. Interestingly, the
reporter activity was significantly lower in CYP3A4-
transfected cells even those responding to CDCA alone
(Figure 2A). The precise mechanism for this decreased
potency of CDCA remains to be established. It is likely that
CDCA is metabolized by CYP3A4, and the metabolites
antagonize the activating effect of CDCA on FXR. Bodin et al.
(2005) reported that several bile acids including CDCA are
metabolized by CYP3A4. To further establish the involve-
ment of FXR in the SC-potentiated transactivation, the
potentiation was determined with the BSEP promoter mutant
that has the FXR elements disrupted. As shown in Figure 2B,
this mutant was not activated by CDCA or the combination
of CDCA and SC.

Involvement of phosphorylation in the
potentiation of the effect of CDCA on BSEP
Several mechanisms probably account for the potentation of
the effect of CDCA on BSEP induced by SC. Initially, we made
an effort to determine whether SC increases the expression of
FXR, which in turn supports the potentiation. However,
neither RT-qPCR nor Western blotting detected an increase in
this receptor in SC-treated cells (data not shown). Next, we
tested whether phosphorylation of FXR is involved in the
potentiation. Two experimental approaches were used,
including FXR phosphorylation mutants and GF 109203X, a
PKC inhibitor. Three FXR mutants were included: S135A
(135A), S154A (154A) and S135A/S154A (AA). As shown in
Figure 3A, SC potentiated the ability of CDCA to activate the
wild-type FXR (WT) and the 154A mutant but not the 135A
or AA mutants. The potentiation in the 154A mutant did not
reach statistical significance (Figure 3A). The overall activa-
tion of the mutants by CDCA varied. Compared with FXR
(WT), the 154A mutant supported higher, but 135A and AA
mutants supported lower, activation in response to CDCA.

This was interesting because the 135A and 154A mutants had
similar reduction towards an FXR element reporter (Gineste
et al., 2008). Nonetheless, the reduced or lack of potentiation
with the mutants suggests that SC modulates the induction
of BSEP by CDCA at least in part by enhancing FXR
phosphorylation.

To further establish the role of FXR phosphorylation in
the potentiation, the reporter assay was performed in the
presence of GF 109203X. The results are summarized in
Figure 3B. As expected, CDCA significantly activated the BSEP
reporter, and this activation was potentiated by SC
co-treatment. However, GF109203X abolished this potentia-
tion effect of SC. This inhibitor alone did not cause any
changes in the activation by CDCA. These results further

Figure 2
Enhanced CDCA activation of the human BSEP promoter. (A) Effect
of CYP1A2 on the transactivation of BSEP. Huh7 cells were plated in
48-well plates at a density of 6 ¥ 104 per well. After overnight
incubation, cells were transiently transfected with FuGene HD by
addition of a mixture containing 50 ng of BSEP(2.6)-Luc, 5 ng FXR,
5 ng of the null-Renilla luciferase plasmid along with 125 ng CYP1A2,
CYP3A4 or the corresponding vector. After incubation at 37°C for
12 h, the transfected cells were treated with CDCA (10 mM) or CDCA
plus SC for 24 h. Luciferase activities were determined with a Dual-
Luciferase Reporter Assay System, and the reporter activity was nor-
malized based on the Renilla luminescence signal. *Significant
difference between CDCA and DE/CDCA co-treatment in CYP1A2
transfected cells; and **significant difference compared with the
corresponding vector-transfected controls. (B) The FXR elements are
required for the enhancement of BSEP promoter activation. Cells
were plated and transfected with a mixture containing 50 ng
BSEP(2.6)-Luc or its mutant (FXRE-M) along with 5 ng FXR, 5 ng of
the null-Renilla luciferase plasmid and 125 ng CYP1A2 plasmid. Cells
were then treated with SC (10 mM), CDCA (10 mM) or both.
Luciferase activities were normalized based on the Renilla lumines-
cence signal and repressed as fold activation. *Significant difference
between CDCA and SC/CDCA co-treatment on the activation of the
wild-type BSEP promoter reporter.
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support the notion that SC potentiates the induction of BSEP
by CDCA by enhancing the phosphorylation status of FXR.

In vivo activation of the human
BSEP promoter
We next tested whether the enhanced transactivation of the
human BSEP promoter occurs in vivo (mice). Instead of
co-treatment with an FXR ligand such as CDCA, the in vivo
study used SC alone because bile acids are normally produced
in the liver. As shown in Figure 4A, mice treated with SC
exhibited a strong bioluminescent signal (right). In contrast,
mice receiving vehicle had no bioluminescent signal (left).
Among the three mice treated with SC, two of them showed
comparable bioluminescent intensity, whereas the third
mouse had a much weaker signal (far right of Figure 4A). The
weaker signal was due to a poor tail injection, as this mouse
showed a comparable increase in bsep mRNA (endogenous
bsep) (Figure 4B).

Metabolism of SC
As shown in Figure 2A, SC exerted a stronger enhanced trans-
activation in cells transfected with CYP1A2, pointing to the
importance of metabolism in the enhancement. We per-
formed a study on SC metabolism with human liver
microsomes and several recombinant CYPs including
CYP1A2, 2A6, 2B6, 2C8, 2C9, 2C18 and 3A4. The incubations
were performed in the presence or absence of the NADPH-
regenerating system. SC was assayed at 20 mM, and the reac-
tions lasted for 60 min. The metabolic profiles were
monitored by HPLC, and a purified major metabolite was
analysed by LC-MS.

Figure 5 shows the representative HPLC chromatograms
generated on a Chromolith SpeedROD column RP-18e at
345 nm (left) and the LC-MS spectra of the metabolite M1
(right). Among all recombinant CYPs tested, only CYP1A2
produced evident metabolites: M1, M2 and M3 (left of
Figure 5). The M2 and M3 peaks (enlarged and arrowed) had
a shorter retention time than the M1 peak. Another notice-
able peak was present between the M1 and SC peaks. Human

Figure 3
Involvement of FXR phosphorylation in the potentiatng effect of SC
on the transactivation of BSEP. (A) FXR phosphorylation mutants
reduced or eliminated the potentiation induced by SC. Huh7 cells
were transfected with a mixture containing 50 ng BSEP(2.6)-Luc,
5 ng FXR or a mutant, 5 ng of the null-Renilla luciferase plasmid
along with 125 ng CYP1A2. The transfected cells were treated with
CDCA (10 mM) or CDCA plus SC (10 mM) for 24 h. Luciferase activi-
ties were determined. *Significant difference between CDCA and
SC/CDCA co-treatment. (B) GF109203X Huh7 cells (in which the
potentiating effect of SC on transactivation of BSEP was abolished)
were transfected with a mixture containing 50 ng BSEP(2.6)-Luc,
5 ng FXR, 5 ng null-Renilla luciferase plasmid and 125 ng CYP1A2.
The transfected cells were treated with CDCA (10 mM), SC (10 mM),
GF109203X (1 mM) or in various combinations for 24 h. Luciferase
activities were determined. Columns with different letters are statis-
tically, significantly different.

Figure 4
In vivo bioluminescent imaging analysis and induction of mouse
bsep. (A) In vivo bioluminescent imaging analysis. Mice (~22 g, n = 3
per group) were injected with the human BSEP promoter reporter
(10 mg·mL-1) via the tail vein in a volume equivalent to 10% of the
body weight in 5 s. Next day, mice were given an i.p. injection of SC
at 10 mg·kg-1 in suspension (right) or the same volume of saline
(left). The treatment was repeated twice 12 h apart. Four hours after
the last injection, mice were injected i.p. with D-luciferin (~200 mL of
15 mg·mL-1 depending on the weight). Thereafter, bioluminescent
images were acquired by Xenogen IVIS 100 for 60 s at 15 min post
D-luciferin injection. (B) Induction of mouse bsep. The livers from the
above treated mice were collected, and total RNA was prepared. The
level of mouse bsep mRNA was determined by RT-qPCR. *Significant
difference from saline-treated mice.
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liver microsomes (HLM) produced a similar HPLC-UV
metabolite profile: a predominant M1 peak and several
smaller peaks (enlarged and arrowed). Some of the smaller
peaks appeared to correspond to M2 and M3 produced by
CYP1A2. We determined the identities of some of these
metabolites. The M1 metabolite was purified and analysed by
LC-MS and revealed to be at m/z 193, suggesting a loss of •CH3

(right of Figure 5). This demethylated product probably cor-
responds to isoscopoletin or scopoletin (Figure 6). The lack of
metabolism by CYP2A6 was surprising as SC is structurally
similar to coumarin. It is well established that CYP2A6 cataly-
ses the hydroxylation of coumarin to produce
7-hydroxycoumarin (Li et al., 2011). On the other hand, dem-
ethylation is the major metabolic pathway of SC in humans
(this study) and several animal species (Mennes et al., 1991;
Meyer et al., 2001).

Discussion

The Chinese herb Yin Chin has long been used to normal-
ize liver functions including cholestasis and hyperbilirubi-
naemia (Huang et al., 2004; Tan et al., 2008; Murat Bilgin
et al., 2011). SC is abundantly present in Yin Chin (2%
based dry weight) and recognized as the principal active
ingredient in this herb (Huang et al., 2004). This study

Figure 5
Analysis of SC metabolism by HPLC and mass spectrometry. (A) Metabolic profiles analysed by HPLC: SC (20 mM) was incubated with a CYP
(1 pmol), or pooled human liver microsomes (20 mg) in a total volume of 100 mL in the presence or absence of the NADPH-regenerating system
(NRS) and incubated at the same temperature for 60 min. The reactions were typically terminated by addition of 200 mL ice- cold acetonitrile and
precipitated protein was removed by centrifugation (12 000¥ g for 15 min at 4°C). The metabolism was monitored by HPLC (Hitach-Elite
LaChrom) with a Chromolith SpeedROD column RP-18e. The metabolic profiles were monitored by a diode array detector at 323 nm. (B) Analysis
of purified M1 by mass spectrometry. The chemical identity of purified metabolite (M1) was determined in 60:40 acetonitrile by LC-MS.

Figure 6
Putative metabolic pathways of SC by human liver microsomes.
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reports a functional interplay that supports the action of SC
in potentiating the expression of BSEP (Figure 7). Specifi-
cally, SC undergoes metabolism by CYP1A2, and the
metabolite(s) has higher activation activity towards PKC,
most likely the a and b1 isoforms. The activated PKC
enhances the phosphorylation of FXR and leads to greater
transactivation of the BSEP gene in response to the FXR
ligand CDCA. This interplay provides a molecular explana-
tion for the potent liver protective activity of Yin Chin
against bile acid accumulation. In addition, we showed that
the human BSEP promoter was robustly activated in
SC-treated mice and the endogenous mouse bsep gene was
also induced. These findings suggest that the protection
against cholestasis induced by SC is species-conserved.

On the other hand, there is an apparent species difference
in the induction of UGT1A1, a critical enzyme that glu-
cronidates bilirubin and plays a determinant role in bilirubin
clearance. In mice, both SC at 10 mM and Yin Chin-
containing decoction Yin Zhi Huang markedly increased the
expression of UGT1A1 (Huang et al., 2004). In contrast, in
cultured primary hepatocytes and Huh7 cells this concentra-
tion did not increase human UGT1A1 mRNA (Figure 1A).
Even at 100 mM, the level of UGT1A1 mRNA was increased by
only 30% (Figure 1A). Another species difference is the rela-
tive ability of SC to increase the expression of UGT1A1 and
CYP2B6 among CAR targets. For example, mouse cyp2b10
and UGT1A1 were comparably increased by SC (Huang et al.,
2004), whereas the human counterparts, CYP2B6 and
UGT1A1, were differentially increased. CYP2B6 was evidently
increased by 50 mM and significantly increased by 100 mM SC
(Figure 1A). In contrast, neither concentration caused a sig-
nificant increase in the expression of UGT1A1 (Figure 1A).
The precise mechanism remains to be determined. Given the
fact that SC caused evident translocation of CAR in human
hepatocytes, it is likely that CYP2B6 is a more sensitive target
than UGT1A1 in humans. Nevertheless, SC is an activator
(ligand) of CAR in both mice and humans, although whether
SC is equally potent towards both mouse and human CAR
remains to be determined.

The species-dependent effect of SC is probably due to
differences in its metabolism. Mouse liver microsomes report-

edly produced two primary metabolites: isoscopoletin and
scopoletin (Meyer et al., 2001). Both metabolites have the
same molecular weight, and isoscopoletin is formed by
6-demethylation, whereas scopoletin is formed by
7-demethylation (Figure 6). Mouse microsomes produced
isoscopoletin and scopoletin at a ratio of 5 to 1. The ratio was
increased to 12 to 1 in microsomes from mice treated with
phenytoin, a potent inducer of Cyp2c29 (Meyer et al., 2001).
In this study, we showed that CYP1A2 was the primary CYP
enzyme that catalysed the metabolism of SC among all the
CYPs tested. Mass spectrometry revealed that one of the
major metabolites (M1) produced by CYP1A2 was at m/z 193,
suggesting a loss of •CH3 (Right of Figure 5). An earlier study
found that incubation of SC in human hepatocytes produced
isoscopoletin but not scopoletin (Mennes et al., 1991). These
findings collectively suggest that isoscopoletin is a dominant
primary metabolite in humans if not the only one. It should
be emphasized that the use of seven recombinant CYPs and
pooled microsomes represented only an initial study on the
metabolism of SC in humans. A comprehensive approach is
needed to fully establish whether CYP1A2 is actually the only
human enzyme that metabolizes SC.

The significance of the different metabolite profiles
between humans and mice remains to be established in terms
of the induction of CAR-regulated genes. Given the observa-
tion that SC is a weaker inducer of CYP2B6 (human) than
Cyp2b10 (mouse), isoscopoletin is probably a weaker activa-
tor of CAR than SC or scopoletin. Alternatively, isoscopoletin
represents a less stable metabolite than scopoletin and under-
goes further metabolism (Figure 6). Indeed, it was reported
that mouse liver microsomes rapidly convert isoscopoletin
into a propenoate: 3-[4-methoxy-p-(3,6)-benzoquinone]-2-
propenoate (MBQP) (Meyer et al., 2001). In mice, the forma-
tion of isoscopoletin and MBQP was catalysed by the same
enzyme, namely Cyp2c29 (Meyer et al., 2001). It is not clear
whether humans can metabolically produce MBQP. Never-
theless, MBQP represents profound changes in the structure
with an opening lactone ring. As a result, MBQP is much
more hydrophilic than SC, isoscopoletin and scopoletin. It is
known that the ligand binding pocket of CAR is highly
hydrophobic (Jyrkkärinne et al., 2005); thus, MBQP cannot
interact with this pocket as well as SC and its primary
metabolites.

The metabolites of SC, on the other hand, may have
higher activating activity towards PKC. In this study, we have
shown that SC underwent metabolism by CYP1A2 and
co-transfection of this CYP enzyme enhanced the activation
of the BSEP promoter reporter (Figure 2A). Importantly, the
enhanced activation was abolished by GF109203X, a potent
PKC inhibitor (Figure 3B). Several studies have shown that SC
stimulates PKC activity in cell lines with limited metabolic
activity (Yang et al., 2008; 2009); however, these studies used
high concentrations of SC (200 mM). In addition to modulat-
ing gene expression, the stimulation of PKC activity by SC, or
more so by its metabolites, may have a direct effect on the
catalytic activity of enzymes, notably UGT1A1. Basu et al.
(2003) reported that UGT1A1 is a PKC substrate and phos-
phorylation led to increased catalytic activity of this conju-
gation enzyme. Therefore, SC enhances the overall catalytic
activity in both mice and humans, but the mechanisms vary
markedly. In mice, SC increases UGT1A1 activity by induc-

Figure 7
Functional interplay among CYP1A2, PKC and FXR in the potentia-
tion of BSEP expression by SC.
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tion, and probably enhanced phosphorylation as well (Huang
et al., 2004), whereas in humans, enhanced phosphorylation
probably plays a major role.

Interestingly, the PKC activity, particularly PKCa, is
involved in both cholestatic and anticholestatic processes.
For example, oestradiol 17b-D-glucuronide [E(2)17G], a chole-
static agent, decreased the bile flow by 61% within 10 min,
and the presence of the PKC inhibitor Gö6976 (PKCa > b1)
completely abolished the decrease (Crocenzi et al., 2008). In
contrast, tauroursodeoxycholic acid, an anti-cholestatic
agent, has been shown to protect against ischaemia-induced
cholestasis (Baiocchi et al., 2008). Likewise, Gö6976 abolished
this protection (Baiocchi et al., 2008). The precise mecha-
nisms of the conflicting observations remain to be deter-
mined. It is generally accepted that PKCs play different roles
depending on the models and duration of the induced
cholestasis (Kubitz et al., 2004; Fiorucci et al., 2005; Wang
et al., 2005; Crocenzi et al., 2008; Wimmer et al., 2008). PKCa
supports the initiation of cholestasis from normal conditions,
but in cholestatic conditions, PKCa activation improves bile
flow and thus has anti-cholestatic activity.

The FXR and PKC are probably the major players that
support the hepatic protective action of SC against the accu-
mulation of bile acids. In addition to the export transporter
BSEP, the liver expresses bile acid uptake transporters includ-
ing the high-affinity Na+/taurocholate co-transporter (NTCP)
and two members of the family of multispecific organic anion
transporters (OATPs) (Wagner et al., 2010). Activation of PKC
has been shown to increase NTCP endocytosis accompanied
by decreased bile acid uptake (Stross et al., 2010). FXR is a
major transactivator of the small heterodimer partner gene
(SHP). In rodents, induction of SHP via FXR constitutes a
negative feedback loop that down-regulates the uptake trans-
porters, thus protecting the liver against bile acid accumula-
tion (Wagner et al., 2010). However, this negative feedback
loop has not been established in humans. Patients with pro-
gressive familial intrahepatic cholestasis express much lower
protein levels of NTCP, OATP1B1 and 1B3 (Keitel et al., 2005),
suggesting the existence of such a negative feedback loop in
humans. However, other studies have not shown a clear
inverse expression relationship between SHP and the uptake
transporters (Jung et al., 2007; Schaap et al., 2009). Very
recently, FXR has been shown to directly up-regulate the
OATP1B1 gene (Mayer Zu Schwabedissen et al. 2010). Never-
theless, collectively these findings suggest that the action of
SC on the FXR–PKC pathway has a broad effect on the hepatic
homeostasis of bile acids. Further studies are warranted to
specify whether SC actually modulates the uptake transport-
ers and whether the modulation varies depending on the
cholestatic stage and severity.

In summary, several important conclusions can be
deduced from our results. Firstly, we have shown that SC
potentiates the induction of BSEP and established that SC is
anti-cholestatic. Secondly, we found that SC causes signifi-
cant enhancement of the activation of the BSEP promoter in
CYP1A2-transfected cells, suggesting that metabolism of SC
represents a functional switch, namely, from a relatively
potent CAR activator to relatively strong PCK stimulator.
Thirdly, we demonstrated that SC significantly induces
mouse bsep and the human BSEP promoter is robustly stimu-
lated in SC-treated mice, suggesting that the anti-cholestatic

activity is species-conserved. The Chinese herb Yin Chin has
long been used to normalize liver functions including
cholestasis. SC is abundantly present in Yin Chin and recog-
nized as the principal active ingredient in this herb. This
study provides a molecular explanation for the therapeutic
benefits of Yin Chin and SC and indicates how these benefits
can be maximized.
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