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Licorice (LE) has been commonly used in traditional Chinese medicine (TCM) for over 4000 years to rec-
oncile various drugs and for hepatic disorders. Glycyrrhizin is the main bioactive component isolated
from LE herbs. In the present study we examined the effects of glycyrrhizin on pregnane X receptor
(PXR)-mediated CYP3A expression and its hepatoprotective activity. Treatment of HepG2 cells with gly-
cyrrhizin resulted in marked increase in both CYP3A4 mRNA and protein levels. The transcriptional acti-
vation of the CYP3A4 gene through glycyrrhizin is PXR-dependent, as shown in transient transfection
experiments. Glycyrrhizin activates the DNA-binding capacity of the PXR for the CYP3A4 element
responding to xenobiotic signals, as measured by the electrophoretic-mobility shift assay (EMSA). These
results indicate that the induction of the hepatic CYP3A4 by glycyrrhizin is mediated through the activa-
tion of PXR. The next aim of the current study was to determine whether the activation of PXR and induc-
tion of CYP3A by glycyrrhizin prevents hepatotoxicity during cholestasis as a mechanism of
hepatoprotection. Mice were pretreated with glycyrrhizin prior to induction of intrahepatic cholestasis
using lithocholic acid (LCA). Pre-treatment with glycyrrhizin, as well as the PXR activator pregnenolone
16a-carbontrile (PCN), prevents the increase in plasma ALT and AST activity, multifocal necrosis and pre-
vents an increase in a level of serum LCA level in mice, as compared with the results in the mice treated
with LCA alone. Activation of the PXR by glycyrrhizin results in induction of CYP3A11 (CYP3A4 for
human) expression and inhibition of CYP7A1 through an increase in small heterodimer partner (SHP)
expression. Glycyrrhizin regulates the expression of the gene mentioned above to prevent toxic accumu-
lation of bile acids in the liver and it also protects mouse livers from the harmful effects of LCA. In con-
clusion, PXR-mediated effects on CYP3A and CYP7A may contribute to the hepatoprotective property of
glycyrrhizin against LCA-induced liver injury.

Crown Copyright © 2012 Published by Elsevier Ireland Ltd. All rights reserved.

1. Introduction

protective effect on cocklebur-induced hepatotoxicity in both hu-
man and rat hepatocytes [6], which indicated that glycyrrhizin

Licorice is sometimes thought of as the origin of TCM because it
is included in almost 70-80% of Chinese herbal prescriptions. It is
known for its detoxifying and hepatoprotective properties as well
as many other pharmacological activities [1-3]. Glycyrrhizin is
one of the main ingredients isolated from aqueous LE extracts. Sev-
eral animal models have shown its protective properties in the set-
ting of liver injuries [4,5]. Furthermore, glycyrrhizin has shown a
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has hepatoprotective properties [7]. LCA is a hydrophobic second-
ary bile acid and commonly used to prepare a hepatotoxicity mod-
el in experiment animals. Notably CYP3A4 (CYP3A11 rodent
homolog) participates in LCA detoxification via 6o-hydroxylation
of LCA. Our previously studies have shown that LE or glycyrrhizin
induce CYP3A at the mRNA and enzyme levels in rats (data not
shown). The aim of the present study is to investigate a protective
effect of glycyrrhizin in a LCA induced cholestatic liver model in-
volved CYP3A.

CYP3A4 plays a significant role in the metabolism of approxi-
mately half the currently used drugs, including bile acid. A number
of herbs have been shown to induce CYP3A4, e.g., St. John’s work
has been found to accelerate the clearance of several clinically used
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medications by inducing CYP3A [8]. Tianxian [9], Ginkgo Biloba [10],
hops [11], have also been reported to have CYP induction effects.

PXR thought to be the main transcriptional regulator of CYP3A4
gene expression [12]. The ligand-activated PXR forms a heterodi-
mer with the retinoid X receptor (RXR), and subsequently binds
to the promoter region of its target genes such as CYP3A4 [13].
PXR functions in bile acid homeostasis. Activation of PXR by PCN
induces CYP3A, which is important for LCA detoxification. Previous
studies including our study (unpublished) have shown that LE, and
its natural constituent glycyrrhizin are able to significantly induce
hepatic CYP3A-dependent microsomal monooxygenase activities
in male and female mice. In addition, mRNA and protein levels of
CYP3A were also affected by prolonged intake of high doses of LE
or glycyrrhizin [14]. Previous studies showed specific differences
in the induction profile among species. For example, PCN, a strong
inducer of CYP3A in rat or mouse, does not induce CYP3A4 in hu-
man, while rifampicin, a strong inducer of human CYP3A4, is not
an inducer in rat. Though it is already known that glycyrrhizin
can induce rat CYP3A1/2 or mouse CYP3A23, the effects of LE
and glycyrrhizin on human CYP3A4, as well as the involvement
of human PXR in the transcriptional activation of CYP3A4 have
not been examined. In the present study, human hepatoma cells
HepG2, human CYP3A4 luciferase reporter vector and expression
vector pCMX-hPXR were used.

Normal metabolism of bile acid is regulated by feedback regula-
tion, i.e. high levels of bile acid inhibit biosynthesis in the liver
through the ligand-activated farnesoid X receptor (FXR) [15]. How-
ever, potentially toxic bile acid precursors and hydrophobic sec-
ondary bile acids are efficiently 6-hydroxylated by the CYP 3A4
(CYP3A11 in mice) enzyme into less toxic bile acids through acti-
vated PXR [15-17]. Consequently, a dynamic balance between bio-
synthesis and metabolism of bile acids is maintained. LCA has been
identified as a toxic hydrophobic secondary bile acid and its accu-
mulation has been shown to induce irreversible liver damage in
many animal models [17,18].

PXR has been shown to act as an LCA sensor and accelerate LCA
detoxification. The aim of the current study was to characterize the
induction of human CYP3A4 by glycyrrhizin and the involvement
of human PXR activation in this mechanism. We also attempted
to determine whether the activation of PXR and induction of
CYP3A by glycyrrhizin prevents LCA-induced hepatotoxicity
in vivo during cholestasis as a mechanism of hepatoprotection.

2. Materials and methods
2.1. Drugs and reagents

Glycyrrhizin (>95% purity), rifampicin (RIF) and pregnenolone
16a-carbonitrile (PCN) were purchased from Sigma Chemical Co.
(St. Louis, MO). Lithocholic acid (LCA) was purchased from Fluka
Chemical Co (Milwaukee, WI). LE was obtained from Tongrentang
Pharmacutical Co. (Beijing, China). Dulbecco’s modified Eagle’s
medium (DMEM) was purchased from Gibco (Los Angeles, USA).
Restriction endonucleases and T4 DNA ligase were purchased from
New England Biolabs (NEB, Beverly, MA). AMV reverse transcrip-
tase and other regents which were used for RT-PCR were obtained
from TaKaRa (Dalian, China). Lipofectamine 2000 and TRIzol re-
agent were from Invitrogen (Carlsbad, CA). The pGL3-basic vector
constructs and Dual-Luciferase reporter assay system were pur-
chased from Promega (Madison, WI). Polyclonal sheep anti-human
CYP3A4 antibody was purchased from Chemicon (Temecula, CA).
Rabbit anti-sheep IgG (H + L) was obtained from SouthernBiotech
(SBA, Birmingham, Alabama). EMSA kit of LightShift® Chemilumi-
nescent was purchased from Pierce (Rockford, IL). All other re-
agents used were of the highest commercially available quality.

2.2. Aqueous extracts of licorice (LE)

The aqueous product of licorice was extracted twice by immers-
ing 100 g raw radix LE in 1000 ml water for 30 min, followed by
boiling of the mixture for another 30 min. After filtering the sample
with two-tiered gauze, the extracts were combined and concen-
trated to a final volume of 50 ml using a rotary evaporator. The
concentrated extract contained 2 g/ml LE. The chemical composi-
tion reproducibility of LE extract contained glycyrrhizin was mon-
itored by UPLC-TOF/MS (data not shown).

2.3. HepG2 cell cultures and treatment

Human hepatoma cells HepG2 (ECACC No. 85011430) were cul-
tured in Dulbecco’s modified eagle’s medium (DMEM) supple-
mented with 10% fetal bovine serum (FCS), 100 U/ml
streptomycin,100 mg/ml penicillin, 4 mM i-glutamine, 1% non-
essential amino acids, and 1 mM sodium pyruvate. Cell cultures
were maintained in 75-cm? flasks at 37 °C in a humidified incuba-
tor with a 5% CO, atmosphere. HepG2 cells were maintained in 6-
well plates, and when growth reached 80% confluency, the cells
were treated with RIF and glycyrrhizin in medium without fetal
bovine serum for an additional 2, 6 or 12 h prior to harvest.

2.4. RNA isolation and RT-PCR analysis of HepG2 cells

Total RNA of HepG2 cells was prepared using TRIzol reagent
(Invitrogen) according to the manufacturer’s instructions. The
mRNA level of CYP3A4 was determined by RT-PCR assay with a
RNA PCR kit (Takara) per the manufacturer’s instructions. Total
RNA (0.5 pug) was subjected to the synthesis of the first strand
cDNA at a total volume of 10 uL with oligo dT-adaptor primer
and AMV reverse transcriptase. The reaction condition used was
as follows: 42 °C for 30 min, 99 °C for 5 min and 5 °C for 5 min.
The cDNA (2 pl) was subjected to PCR amplification with the fol-
lowing. The parameters: 94 °C for 30s, 55 °C for 30s, 72 °C for
30 s, and the optimum cycle number that was within the exponen-
tial range of response for CYP3A4 (35 cycles) and B-actin (30 cy-
cles) was used. PCR primers for CYP3A4 detection were as
follows: Sense, 5'-CAATAAGGCACCACCCACCTAT-3', antisense, 5'-
TTCTTGCTGAATCTTTCAGGGAG-3’; B-actin (house-keeping gene)
primers were as follows: sense, 5'-CTACAATGAGCTGCGTGTGG-3/,
antisense, 5'-TAGCTCTTCTCCAGGGAGGA-3'. Quantitative data nor-
malized to B-actin were obtained from a densitometer and ana-
lyzed with the Image ] software program.

2.5. Preparation of total protein and Western-blot analysis

HepG2 cells were harvested at 24 h after glycyrrhizin or RIF
treatment. HepG2 cells were rinsed twice with ice-cold PBS and
lysed with a scraper in PBS containing SDS (0.1%, w/v), NP-40
(1%, v/v), deoxycholic acid and sodium salt (0.5%, w/v). The cell ly-
sates were centrifuged at 12,000 g for 15 min at 4 °C to remove
insoluble precipitates. The protein content in each sample was
determined by the method of Bradford. Bovine serum albumin
was used as the protein standard. Total protein (50 pg) from cul-
ture cells were denatured and separated by 12% SDS-polyacryl-
amide gel electrophoresis (PAGE) and subsequently transferred
electrophoretically to nitrocellulose membranes. After nonspecific
binding sites were blocked overnight at 4 °C with TTBS (Tween Tris
buffered saline) containing 5% skimmed milk, the membrane were
incubated with sheep anti-human CYP3A4 antibody from Chem-
icon at a dilution of 1:1000, overnight at 4 °C. The samples were
subsequently incubated with horseradish peroxidase-conjugated
rabbit anti-sheep secondary antibody for 2 h and visualized on film
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using the SantaCruz ECL detection system. B-Actin was used as a
loading control.

2.6. Preparation of pGL3-P3A4 reporter plasmid

The CYP3A4 luciferase reporter vector pGL3-P3A4 contains
three copies of the corresponding response element and was con-
structed following previously described method with slight modi-
fications [19], which carried the xenobiotic responsive enhancer
module (XREM) region (—7836/—7208), the proximal promoter
(-362/+53), and the luciferase reporter gene. Oligonucleotide
primers for the proximal and distal promoter regions (PXRE) were:

5-CGGGGTACCAGATCTGTAGGTGTGGCTTGTTGG-3'

(Kpnl site underlined),

5'-CTAGCTAGCTGTTGCTCTTTGCTGGGCTATGTGC-3'

(nhel site underlined),

5-CCGCTCGAGTCTAGAGAGATGGTTCATTCC-3’

(Xhol site underlined) and,

5'-CCCAAGCTTTCGTCAACAGGTTAAAGGAG-3'

(HindllI site underlined), the distal promoter amplified products
were then cloned into the HindlIII/Xhol sites of the pGL3-basic vec-
tor, and the reconstructed plasmid was named pGL3-enhancer. Fi-
nally, the proximal promoter amplified products were subcloned
into the Kpnl/nhel sites of pGL3-enhancer to create the pGL3-
P3A4. The pRL-TK vector (Promega, Madison, WI), which encodes
the renilla luciferase gene regulated by the herpes simplex virus
thymidine kinase (HSV-TK) promoter, was used as a control vector
to normalize the results of transient transfection assays. The
expression vector pCMX-hPXR was kindly provided by Dr. Xinqi-
ang Zhu (Zhejiang University, Hangzhou, Z]). All constructs were
confirmed by sequence analysis.

2.7. Transient transfections and reporter gene assays

Approximately 200,000 HepG2 cells were seeded into each well
of 24-well plates and cultured in 1 ml of DMEM supplemented with
10% FBS, at 37 °C under a humidified atmosphere consisting of 95%
air and 5% CO,. The following day, the cells in each well were tran-
siently transfected with 500 ng pGL3-P3A4, 250 ng pCMX-hPXR
(provided by Dr. Xingiang Zhu, Zhejiang University, Hangzhou, ZJ)
and 50 ng pRL-TK using lipofectamine 2000 reagent (Invitrogen)
according to the manufacturer’s procedures. After a 6 h incubation
in the transfection mixture, the transfected cells were incubated
with fresh medium (serum free) containing either RIF (10 pM) or
various concentrations of glycyrrhizin for an additional 12, 24 or
36 h. At the end of the incubation time, the cells were washed once
with phosphate-buffered saline (PBS) and harvested. The reporter
enzyme activities were measured with the dual-luciferase reporter
assay system (Promega) and 20/20n luminometer (Turner Biosys-
tems, Sunnyvale, CA). Firefly luciferase activity of the reporter plas-
mids was then normalized to renilla luciferase activity of the vector
PRL-TK, and the radio of the normalized signal of Glycyrrhizin or
RIF-treated cells to that of vehicle-treated cells was calculated to
determine the degree of activation. At least three independent
transfections were performed for each time point.

2.8. Electrophoretic mobility shift assays

HepG2 cells were treated for 8 h with DMSO, glycyrrhizin and
RIF in growth media. Nuclear proteins were isolated using NE-
PER nuclear and cytoplasmic extraction reagents kit (Pierce, Rcok-
ford, IL). Oligonucleotides used for EMSA were commercially syn-
thesized (Invitrogen). For EMSA assay 5 pg nuclear extracts was
mixed with 5x binding buffer containing poly (dI-dC), DTT, Glyc-
erol, EDTA, NaCl, MgCl, and Tris in optimized concentrations. After
a 10 min incubation at 4 °C, a 2 pl sample containing the PXR-

binding site of the CYP3A4 as well as proximal and distal promoter
Oligonucleotides labeled with 5’-biotin (5'-GAATGAACTTGCT-
GACCCTCTATATGAACTCAAAGGAGGTCAGTG-3’' and its comple-
mentary) which was commercially synthesized by Invitrogen was
added. To determine the specificity of oligonucleotide, binding, a
400x fold excess of unlabeled pregnane X response element
(PXRE) was added to extracts of glycyrrhizin and RIF treated cells
for competition analysis. After incubating for an additional
10 min at 4 °C, the samples were run on a 6% polyacrylamide gel
with 0.5x TE buffer (45 mM Tris, pH 7.5, 45 mM boricacid, 2 mM
EDTA). The gel was then dried and analyzed using the chemilumi-
nescent nucleic acid detection module Kit (Pierce, Rockford, IL).

2.9. Animals and treatments

Seven-week-old male BALB/c mice weighing between 20 and
25 g were obtained from the animal center of Academy of Military
Medical Sciences (Beijing, China). The mice were kept in a patho-
gen-free animal facility under a standard 12 h light/dark cycle
and allowed free access to food and water. All surgical procedures
and animal care were approved by the Ethics Committee of the
institution. To induce intrahepatic injury in mice, the secondary bile
acid LCA was administered. This has become a useful model for liver
damage and has previously been described [20]. All inducers were
dissolved in pyrogen-free saline except LCA and PCN, which were
dissolved in camellia oil. All the animals were pre-treated with
chemical inducers (LE aqueous extracts, 10 g/kg/d; glycyrrhizin,
10-50 mg/kg; PCN, 42 mg/kg) or pyrogen-free saline for 7 days
via i.p. injection, and on the fourth day, LCA (125 mg/kg) treatment
was initiated via i.p. injections twice daily for another 4 days.

2.10. Serum bile acid extraction and quantitation of LCA in serum by
UPLC-TOF/MS

Twelve hours after the final treatment, mice were anesthetized
with CO,, and blood samples were collected by cardiac puncture.
Serum was collected and stored at —80 °C until used for LCA anal-
ysis. 1 volume sample was mixed with 4 volumes chilled acetone,
shaken vigorously and left on ice for 5 min before centrifugation at
10,000g for 3 min. The UPLC separation was performed using a
Waters Acquity UPLC system (Waters, Milford, MA, USA), equipped
with a binary solvent delivery system, an autosampler. The column
used was a Waters Acquity BEH C18 column (2.1 x 100 mm,
1.7 pm, Waters, Milford, MA, USA). The mobile phases were water
with 3 mM ammonium formate (A) and acetonitrile with 3 mM
ammonium formate (B). The gradient was the following: linear
gradient from 5% B to 30% B (0-1 min), 30% (1-5 min), 30% B to
70% B (5-10 min), 30% B to 100% B (10-15 min), 100% B to 5%
B(15-16 min). The flow rate was 0.45 ml/min. The injection vol-
ume was 15 pl. MS detection was performed on a Waters Synapt
Mass Spectrometor (Waters, Milford, MA, USA). LCA was detected
as the molecular ions [M—H] =375.2889 in a negative selected
ion monitor mode of TOF/MS. LCA concentrations in serum are cal-
culated by comparison to standard solutions of LCA.

2.11. AST and ALT assay

The determination of serum ALT and AST levels using a bio-
chemical auto analyzer [10].

2.12. Histology of liver

The left lobe of the liver was removed in all treated mice and
immediately fixed in a 4% formaldehyde-phosphate-buffered sal-
ine solution, embedded in paraffin, sectioned into 5 pm slices,
and stained with hematoxylin and eosin, according to a standard
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staining protocol. Samples were examined under a light micro-
scope. Representative liver sections from the same lobe of 3 mice
per group were examined and scored by a pathologist.

2.13. RNA isolation and RT-PCR analysis of mice

To investigate the effects of LCA, LE or glycyrrhizin on CYP3A11,
CYP7A1 and SHP mRNA expression in mice liver, the animals were
either treated with chemical inducers (LE aqueous extracts, 10 g/
kg/d; glycyrrhizin, 10-50 mg/kg; PCN, 42 mg/kg) or pyrogen-free
saline for 7 days via i.p. injections, or LCA (125 mg/kg) treatment
was initiated via i.p. injections twice daily for another 4 days. Total
RNA was isolated from mouse liver tissue using the TRIzol regent
(invitrogen) according to the manufacturer’s instructions. RT-PCR
assay was performed as previously described. The primers were
synthesized (Invitrogen) according to sequence designs previously
described [21,22].

2.14. Statistical analyses

Data are expressed as mean + SD and the two-tailed student’s t
test was used for comparisons between groups. P < 0.05 was re-
garded as a significant difference between groups.

3. Results

3.1. Concentration and time-dependent inductions of CYP3A4 mRNA
expression by glycyrrhizin

To investigate the effect of glycyrrhizin treatment on CYP3A4
mRNA transcription, RT-PCR was used to determine CYP3A4 mRNA
levels in HepG2 cells treated with 50, 100, 250 and 500 puM glycyr-
rhizin or 10 uM RIF as a positive control for 12 h. As shown in
Fig. 1A, CYP3A4 mRNA levels significantly increased in RIF-treated
HepG2 cells when compared to the solvent control, indicating that
the HepG2 cells can serve as a sensitive and selective model for
assessing the regulation of CYP3A4 transcription by drugs and
other xenobiotics. The increased CYP3A4 mRNA levels were also
observed in glycyrrhizin treated cells for all the exposure levels.
However, the alteration of CYP3A4 mRNA levels by glycyrrhizin
was concentration-dependent over the range from 50 to 500 pM.
Subsequently, the time course of CYP3A mRNA expression caused
by glycyrrhizin was investigated using 250 pM glycyrrhizin. The
maximum level of CYP3A4 transcription was reached after 6 h of
incubation, though an elevated level was also observed after a
12 h incubation (Fig. 1B). The results confirmed that glycyrrhizin
can induce CYP3A4 mRNA expression.

3.2. Effect of glycyrrhizin on CYP3A4 protein expression

Because glycyrrhizin can induce CYP3A4 expression at the
mRNA level, Western blot analysis of the glycyrrhizin-treated cells
was performed to determine whether the sustained induction of
CYP3A4 was accompanied by corresponding modulation of protein
expression. As shown in Fig. 2, compared to the solvent control, the
CYP3A4 protein expression levels were significantly increased in
both RIF- and glycyrrhizin-treated samples. The concentration-
dependent elevation was also observed for glycyrrhizin treated
cells over a concentration range of 50-500 puM, which further con-
firmed that glycyrrhizin is a CYP 3A4 inducer.

3.3. Activation of human PXR by glycyrrhizin

PXR is a key transcription factor in regulating CYP3A4 gene
expression by binding to the transcriptional region of the CYP3A4
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Fig. 2. Concentration-dependent effects of glycyrrhizin treatment on CYP3A4
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the housekeeping gene, B-actin was used as the loading control.

promoter. To investigate possible mechanisms underlying the
induction of CYP3A4 by glycyrrhizin and the ability of glycyrrhizin
to transactivate PXR, a plasmid containing the proximal and distal
CYP3A4 promoter regions and an expression vector of human PXR
were transiently transfected into HepG2 cells. Subsequently, the
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cells were treated with 10 uM RIF (positive control) or various con-
centration of glycyrrhizin. The luciferase reporter gene expression
was then determined at different treatment times. Similar to the
results obtained from mRNA transcription analysis, the induction
of PXR transactivation in glycyrrhizin-treated cells was also dose-
dependent in the dose range of 50-500 uM (P < 0.05) (Fig. 3A).
PXR transactivation in cells exposed to 10 uM RIF, a known PXR
activator and CYP3A4 inducer, was far greater (>10-fold) than in
glycyrrhizin treated cells (2- to 5-fold). In the time-dependent
PXR activation assay, the 1.6-3.6-fold increases in luciferase activ-
ity were observed at 12, 24 and 36 h for the glycyrrhizin treated
group, when compared to the solvent control group (P < 0.05)
(Fig. 3B). The highest activity of the luciferase reporter gene group
was measured at the 36 h time point, suggesting the sustained
transcriptional activation of the CYP3A4 promoter. The strong cor-
relation between the luciferase reporter gene activity and the
CYP3A4 mRNA and protein levels indicate that, similar to most
CYP3A4 inducers, the induction effect of glycyrrhizin on CYP3A4
was also mediated by transactivation of PXR.

3.4. Nuclear glycyrrhizin-PXR/PXRE complexes in vitro

Glycyrrhizin led to a concentration- and time-dependent in-
crease in CYP3A4 mRNA expression in HepG2 cells, which may
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Renilla-luciferase, which was used as the internal control for transfection. Data
represent the mean +S.D. of three individual transfections. Asterisks indicate a
statistically significant difference compared with untreated cells. (*P < 0.05).

have been accomplished by nuclear translocation of the PXR and
formation of the transcription-activating complex resulting in
binding to the PXRE sequences. To test this hypothesis, we per-
formed an EMSA assay using nuclear extracts of glycyrrhizin- or
RIF-treated HepG2 cells. After cells were treated with the indicated
concentrations of glycyrrhizin for 8 h, nuclear extraction was per-
formed and the resulting extracts were subjected to the EMSA as-
say. When compared to the solvent control (Fig. 4 lane 2), 10 uM
RIF (positive control) caused an obvious increase in the DNA-bind-
ing ability of PXR to oligonucleotides containing the PXRE (Fig. 4
lanes 6). A significantly enhanced binding of PXR to the PXRE con-
sensus sequence was also observed for the glycyrrhizin-treated
cells with a concentration-dependent increase over the range of
100-500 pM. The maximal increase was seen at 500 uM (Fig. 4
lane 5). The specificity of this band as a PXR-mediated gel shift
was confirmed by pretreatment of the nuclear extracts from cells
treated with 250 uM glycyrrhizin (Fig. 4 lane 7). The binding shift
was abolished in the presence of excess concentrations of unla-
belled PXRE. Together with results from RT-PCR, Western-blot
and reporter assay, induction of human CYP3A4 at the mRNA and
protein levels by glycyrrhizin is mediated through activation of
PXR and initiated at the step of PXR-PXRE binding.

3.5. Glycyrrhizin protects the liver against LCA induced liver injury

PXR has been shown to act as an LCA sensor and accelerate LCA
detoxification. Thus, we postulated that glycyrrhizin-activated PXR
and induced CYP3A may protect the liver against LCA-induced liver
toxicity. To define the protective function of glycyrrhizin against
LCA induced liver toxicity, the LCA-treated mice were simulta-
neously treated with glycyrrhizin or PCN, a potent PXR ligand.
The livers of the treated mice were sampled and evaluated by his-
topathology and quantitative measures of the liver markers ALT
and AST. Mice in the control group had normal ALT and AST levels
(Fig. 5A and B) as well as normal histopathology with minimal
hepatocellular vacuolization (Fig. 6A).

Highly elevated ALT, AST and LCA levels (Fig. 5A and B) and se-
vere necrosis (Fig. 6B) were detected in mice after a 7-day treat-
ment with LCA, indicating LCA-induced hepatotoxicity and
cholestasis. However, the hepatotoxicity of LCA could be prevented
significantly by co-administration of glycyrrhizin (Fig. 6D-F), LE
(Fig. 6C) or PCN (Fig. 6G). As shown in Fig. 5, serum AST and ALT
levels rapidly increased after a 7-day treatment with LCA, but the
elevated serum levels of AST and ALT were markedly prevented
by glycyrrhizin (10-50 mg/kg) and LE aqueous extracts (10 g/kg/
d). Glycyrrhizin at a dose of 50 mg/kg exhibited 98% prevention
of induction and 87% prevention of induction for ALT and AST,
respectively in the LCA group. The concentrations of LCA in serum
of each group are presented in Fig. 5C. As expected, LCA treated
mice had markedly elevated the concentrations of LCA in serum
compared with mice in the control group. Treatment with LE ex-
tract, glycyrrhizin or PCN prevented the increase in LCA caused
by LCA treatment alone. The results suggest that glycyrrhizin can
prevent toxic accumulation of bile acids and attenuate the hepato-
cellular damage caused by LCA.

The serological changes were further confirmed by histological
analysis. As shown in Fig. 6B, histological alteration of the liver in
hepatectomized LCA mice was characterized by large areas of focal
necrosis, hepatic steatosis and inflammatory cell infiltration in the
midzone and periportal regions of the liver. In contrast, LCA-in-
duced hepatic necrosis, steatosis and inflammatory cell infiltration
were markedly prevented by glycyrrhizin, LE aqueous extracts and
PCN (Fig. 6C-G). Histological examination of liver tissues from
these groups showed significant LCA-related alterations compara-
ble to the control group. The results of this in vivo study indicated
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that LE and its active component glycyrrhizin have hepatoprotec-
tive activity against LCA-induced liver toxicity.

3.6. Glycyrrhizin protects against LCA toxicity via induction of
CYP3A11 and SHP and inhibition of CYP7A1

The known PXR target genes include a variety of Phase I- and
Phase II-modifying enzymes and transporters. Some of these en-
zymes are associated with LCA formation and metabolism. For
example CYP3A11, SHP and CYP7A1, have been reported to be
the major genes responsible for bile acid formation and metabo-
lism. Based on the results from the in vivo study discussed above,
we further investigated the gene expressions of these enzymes in
the liver tissues of mice with LCA-induced hepatic injury and mice
treated with glycyrrhizin, LE or PCN to explore the possible mech-
anism for glycyrrhizin-induced hepatoprotection. Total liver RNA
was isolated from these mice for RT-PCR analysis. Among the en-
zymes associated with LCA detoxification, the mRNA levels of
CYP3A11 and SHP were significantly up-regulated by LCA, glycyr-
rhizin, LE aqueous extracts and PCN treatment, when compared
to levels in saline-treated mice (Fig. 7A and B). In contrast, the
CYP7A1 mRNA expression was markedly attenuated after 7 days
in the same treatment groups (Fig. 7C).

4. Discussion

In this study, we demonstrated that PXR activation by glycyrrhi-
zin, LE or PCN could result in protection of the liver against LCA
hepatotoxicity via down-regulation of CYP7A1, an enzyme respon-
sible for LCA formation, and up-regulation CYP3A11, an enzyme
responsible for LCA metabolism (Fig. 8), which may reduce the
accumulation of bile acids in the livers of LCA-treated mice and
avoid the irreversible liver damage induced by LCA. PXR-mediated
transcription regulation of bile acid associated enzymes by glycyr-

rhizin is one of the mechanisms resulting in hepatoprotective
activity against LCA-induced injury. It is well recognized that
CYP3A4 gene expression can be induced by numerous xenobiotics,
resulting in altered drug metabolism and drug-drug interactions in
addition to enhanced metabolism of endogenous substrates [23].
The nuclear hormone receptor PXR serves as a key regulator of
CYP3A4 transcription and mediates transcriptional induction of
CYP3A4 by many xenobiotics and endobiotics [24]. Therefore,
PXR activation with CYP3A induction plays an important role in
drug-drug interactions, and physiological homeostasis, such as
bile acid homeostasis.

Glycyrrhizin, a natural compound extracted from the roots of
licorice, has been used for more than two decades to treat hepatitis
in Japan and no side effect or toxicity has been observed [25]. Early
studies including our study (data not shown) revealed that licorice
could induce CYP3A enzyme activity in the rat livers. However, the
molecular mechanisms underlying the effects of licorice have not
been explored thoroughly. Therefore, it is necessary to investigate
whether the CYP3A induction by licorice and its major active com-
ponent glycyrrhizin is mediated by PXR and to determine the cor-
relation between the glycyrrhizin-induced CYP expression and its
hepatoprotective effect. In the present study, we investigated the
mechanism of CYP3A induction by glycyrrhizin in HepG2 cells,
and the role of glycyrrhizin in regulating CYP genes involved in bile
acid biosynthesis and metabolism was examined as a possible
mechanism for hepatoprotection.

We began the investigation by examining the effects of glycyr-
rhizin treatment on CYP3A4 mRNA expression in HepG2 cells. RT-
PCR analysis revealed that glycyrrhizin up-regulated CYP3A4
mRNA expression. In order to determine whether the induction
of CYP3A4 mRNA expression was accompanied by a simultaneous
change in CYP3A4 protein level, western blot analysis was per-
formed. The results showed that CYP3A4 protein levels were also
increased by glycyrrhizin in a dose dependent manner. These



Y.-G. Wang et al./ Chemico-Biological Interactions 200 (2012) 11-20 17

( A) 5000 r
- ##
= 4000 - _]:_
=
=)
-
~
= 3000 |
—
«
g |
E 2000
- *
2
1000
ﬂ 77
(e e
L S |
control LE 10 25 50 PCN
Glycyrrhizin (mg/kg)
+ LCA
1400
(B) #
1200 F
-
=~
= 1000 |
< .
@ 800 [
«
£ 600 [
Z .
o 400
w
*
200 [ I—!—I iy iy
gl el
Saline LE 10 25 50 PCN
Glycyrrhizin (mg/kg)
+ LCA
©) ##
0.2 f
- *
E .
2
z * Kk
Q
5 01
£
=
=
<
W
0
Control LE 10 25 50 PCN
Glycyrrhizin (mg/kg)
+ LCA

Fig. 5. Inhibitory effects of Glycyrrhizin and Licorice on the LCA-induced elevation
of serum transaminase (A) ALT level. (B) AST level. (C) Serum LCA concentration. All
animals were pretreated with testing inducers (Licorice, 10 g/kg/d; Glycyrrhizin, 10,
25 and 50 mg/kg; PCN, 42 mg/kg) or vehicle for the first 3 days via i.p. injection.
Starting on day 4, LCA (125 mg/kg) treatment was initiated with i.p. injections co-
administrated with the inducers twice daily for the remaining 4 days. Data
represent the mean+S.D., n=6. *P<0.05, **P<0.01 vs. LCA group; #p<0. 05,
##p < 0.01 vs. control group.

observations indicate that glycyrrhizin interacts with the CYP3A
enzyme at the transcriptional level in HepG2 cells and presumably
also in the normal human liver.

It is well-established that PXR is a key regulator of xenobiotic-
induced CYP3A gene expression [24] Transfection studies in HepG2
cells were carried out based on the above noted CYP transcription
findings to determine activation of human PXR by glycyrrhizin. A
clear concentration- and time-response were observed between
glycyrrhizin treatment and activity of the reporter gene. The

saline

LCA

LE+LCA

Glycyrrhizin 10mg/kg
+LCA

Glycyrrhizin25mg/kg g_é
+LCA b

Glycyrrhizin 50mg/kg
+LCA

PCN+LCA

Fig. 6. The PXR mediated protective properties of glycyrrhizin and licorice against
LCA-induced hepatotoxicity. Mice were treated with vehicle alone (A), LCA (B), LCA
and LE (C), LCA and glycyrrhizin (D, E and F) or LCA and PCN (G). Pictures are
representative of pathology for treated groups with a minimum of two animals per
group. 20x magnification. Liver sections were prepared for histology and stained
with hematoxylin and eosin. Areas of sever necrosis in panels C, D and E are
indicated with arrows.

activation of PXR by glycyrrhizin at the highest concentrations
examined was comparable to that of 10 uM rifampicin, a well
known PXR ligand, indicating that glycyrrhizin is effective in acti-
vating human PXR in HepG2 cells.

To further ascertain whether transcriptional activation of the
CYP3A4 gene by glycyrrhizin was caused by activation of the
PXR-PXRE complex in the nucleus, we performed an EMSA assay
to test the interaction between glycyrrhizin and PXR complexes.
The results confirmed that glycyrrhizin caused an obvious activa-
tion of human PXR. These data, in conjunction with the observed
increases in CYP3A4 mRNA expression, protein expression and re-
porter activity suggest that the induction of CYP3A expression by
glycyrrhizin or licorice is most likely due to their abilities to inter-
act directly with the receptor and function as PXR ligands. Numer-
ous herbal remedies including St. John’s wort, coleus forskohlii,
guggulsterone and many others that contain constituents can acti-
vate PXR [26]. However, ligand binding assays would be necessary
to confirm direct competitive binding to the receptor in future
studies. Agonist activity of glycyrrhizin, even at the highest
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concentration treated, was much less than that of RIF. This sug-
gests that glycyrrhizin possesses weak PXR agonist activity. Our
previous study showed that the whole licorice extract increased
CYP3A enzyme activity in rats in a concentration-dependent man-
ner (data not shown). Recent studies have shown that administra-
tion of glycyrrhizin resulted in a modest induction of CYP3A in

Cholesterol

v
Oxyserols

Down-regulation
SHP g Biosynthesis

Up-regulation

Glycyrrhizin PXR | < Bile acid (LCA)

activation

Up-regulation

CYP3All Metabolism

CYP3A4

Secretion

Fig. 8. Schematic illustration of the action of the positive and negative regulatory
relationship between the genes CYP7A1, SHP and CYP3A11 in response to
Glycyrrhizin and LCA in the pathway from cholesterol to bile acid secretion.

humans as indicated by the pharmacokinetics of the model sub-
strate midazolam, which caused a significant reduction in midazo-
lam area under curve (AUC) (increase in oral midazolam clearance)
[27]. The inductive effect of the licorice extract is likely mediated
by the activation of PXR.

PXR also play an important role in many essential physiological
functions. For example, PXR is involved in regulation of the biosyn-
thesis, transport, and metabolism of bile acids. Licorice is known to
have hepatoprotective and/or general detoxifying properties [28].
Early studies suggested that glycyrrhizin also has hepatoprotective
properties in liver injury models [29,30]. To reveal glycyrrhizin-
mediated protective mechanisms for bile acid-induced hepatotox-
icity, we used LCA-treated mice as a hepatotoxicity model, because
LCA concentrations of 5-10 uM have been detected in the liver tis-
sue of cholestatic patients and in rat models of biliary cholestasis
[31]. As expected, treatment of mice with LCA resulted in severe li-
ver damage manifested by the appearance of severe necrosis and
high serum levels of ALT, AST and LCA concentration. The detri-
mental effects of LCA on mouse livers were significantly prevented
by the co-treatment with glycyrrhizin or licorice extract. Thus, gly-
cyrrhizin or LE can protect the liver tissue in mice from the harmful
effects of LCA. The doses of glycyrrhizin used in vivo (10-50 mg/kg/
d) [29] did not elicit any signs of toxicity in the present study
including body weight, serum biochemical indices and blood
parameters (data not shown). The dose (10 mg/kg/d) used in ani-
mals is 5-fold higher than compared to those under normal human
exposure from licorice.

Previous study showed that toxic bile acids activate PXR and
regulate transcription of genes involved in biosynthesis and
metabolism of bile acids, such as CYP7A1 and CYP3A genes
[32,33]. CPY7A1 is the hepatic enzyme for the conversion of choles-
terol to bile acid in the neutral way and also plays a key role in cho-
lesterol/bile acid homeostasis [34]. SHP interacts with liver
receptor homologue-1 and/or HNF-4, which leads to transcrip-
tional suppression of CYP7A1. Lower levels of CYP7A1 result in re-
duced bile acid production by decreasing the conversion of
cholesterol into bile acids. When the excretion of bile acids is dis-
rupted by disease, bile acids accumulate in hepatocytes, resulting
in cholestasis [35]. CYP3A4 (CYP3A11 rodent homolog) partici-
pates in bile acid detoxification via 6a-hydroxylation of LCA [36].
The addition of this hydroxyl group makes the molecule more
hydrophilic, which promotes elimination. Changes in bile acid bio-
synthesis and metabolism appear to be important in protecting
against cholestatic liver injury. The aim is to elucidate whether
the mechanism of glycyrrhizin-mediated hepatoprotection in
cholestasis correlates with PXR-mediated regulation of bile acid
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biosynthesis and metabolism. The present study revealed that
CYP3A11 and SHP mRNA expression were significantly up-regu-
lated by LCA, glycyrrhizin and LE extracts. As expected, CYP7A1
mRNA expression was markedly attenuated by LCA, glycyrrhizin
and LE extracts. The results presented in Fig. 7 show that LCA
and glycyrrhizin exhibit effects in the same direction. PXR is acti-
vated by LCA and coordinately regulates genes involved in the bio-
synthesis, transport and metabolism of LCA. LCA has been proven
to be sensor of PXR that protects against liver toxicity. Excess con-
centration of LCA induces expression of CYP3A11 and decreases
expression of CYP7A1 in the present study, which is consistent
with results from Staudinger [17]. In vivo LCA treatment induces
expression of CYP3A11 and reduces expression of CYP7A1, which
is a type of negative feedback regulation of bile acid in protecting
the liver against pathophysiological levels of LCA. We propose that
the activation of PXR by glycyrrhizin results in inhibition CYP7A1
expression, which blocks bile acid biosynthesis. At the same time,
the activation of PXR by glycyrrhizin induced expression of
CYP3A11, which may promote the metabolism of LCA. These re-
sults indicated that the hepatoprotective function of glycyrrhizin
against LCA-induced hepatotoxicity was due to the decrease in
LCA concentration. The mechanism was mediated by PXR-regu-
lated transcription of genes responsible for biosynthesis and
metabolism of bile acids, such as CYP7A1 and CYP3A.

In conclusion, our study showed that glycyrrhizin can activate
PXR and bind to CYP3A4 transcriptional region to induce CYP3A4
gene expression at mRNA and protein levels. This is the first report
showing that the hepatoprotective and anti-hepatotoxicity effects
of LE or glycyrrhizin are due to PXR-mediated CYP3A11 and SHP
up-regulation and CYP7A1 gene down-regulation. The resultant
regulation of drug-metabolizing enzymes may account for in-
creased LCA metabolism and reduce its biosynthesis in LCA-in-
duced liver injury in mice. The expression of many genes
involved in xenobiotic/drug metabolism and transport is regulated
by at least three nuclear receptors or xenosensors: aryl hydrocar-
bon receptor (AhR), constitutive androstane receptor (CAR), and
PXR. These receptors establish a crosstalk with other nuclear
receptors or transcription factors controlling signaling pathways
that regulate the homeostasis of bile acids, lipids, glucose, inflam-
mation, vitamins, hormones, and others [37]. Further investiga-
tions will focus on whether other nuclear receptors contribute to
the glycyrrhizin-mediated hepatoprotection through the regula-
tion of the CYP3A gene.
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