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Abstract: Drug metabolizing enzymes (DMEs) and drug transporters are regulated via epigenetic, 

transcriptional, posttranscriptional, and translational and posttranslational modifications. Phase I 

and II DMEs and drug transporters play an important role in the disposition and detoxification of 

a large number of endogenous and exogenous compounds. The nuclear factor (erythroid-derived 

2)-like 2 (Nrf2) is a critical regulator of a variety of important cytoprotective genes that are involved 

in disposition and detoxification of xenobiotics. Schisandra chinensis (SC) is a commonly used 

traditional Chinese herbal medicine that has been primarily used to protect the liver because of 

its potent antioxidative and anti-inflammatory activities. SC can modulate some DMEs and drug 

transporters, but the underlying mechanisms are unclear. In this study, we aimed to explore the 

role of Nrf2 in the regulatory effect of SC extract (SCE) on selected DMEs and drug transporters 

in human hepatocellular liver carcinoma cell line (HepG2) cells. The results showed that SCE, 

schisandrin A, and schisandrin B significantly increased the expression of NAD(P)H: Nicotin-

amide Adenine Dinucleotide Phosphate-oxidase or:quinone oxidoreductase 1, heme oxygenase-1, 

glutamate–cysteine ligase, and glutathione S-transferase A4 at both transcriptional and posttran-

scriptional levels. Incubation of HepG2 cells with SCE resulted in a significant increase in the 

intracellular level of glutathione and total glutathione S-transferase content. SCE significantly 

elevated the messenger ribonucleic acid and protein levels of P-glycoprotein and multidrug 

resistance-associated protein 2 and 4, whereas the expression of organic anion transporting peptide 

1A2 and 1B1 was significantly downregulated by SCE. Knockdown of Nrf2 by small interfering 

ribonucleic acid attenuated the regulatory effect of SCE on these DMEs and drug transporters. SCE 

significantly upregulated Nrf2 and promoted the translocation of Nrf2 from cytoplasm to the nuclei. 

Additionally, SCE significantly suppressed the expression of cytosolic Kelch-like ECH-associated 

protein 1 (the repressor of Nrf2) and remarkably increased Nrf2 stability in HepG2 cells. Taken 

together, our findings suggest that the hepatoprotective effects of SCE may be partially ascribed 

to the modulation of DMEs and drug transporters via Nrf2-mediated signaling pathway. SCE may 

alter the pharmacokinetics of other coadministered drugs that are substrates of these DMEs and 

transporters and thus cause unfavorable herb–drug interactions.

Keywords: Nrf2, Keap1, HepG2 cell, drug metabolizing enzyme, drug transporter, P-gp, MRP, 

OATP, Schisandra chinensis

Introduction
There is an increasing popularity of natural products including Chinese herbal medicines 

that are used for the management of various ailments and improvement of body health, 

although the clinical evidence for their application is poor or lacking.1 An estimated 25% 

of adults in developed countries and more than 80% of the population in developing 

countries consume herbal medicines for disease treatment. The 2002 National Health 
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Interview Survey of the US (n=5,456) indicated that 18.9% 

of adults used herbal supplements within the past 12 months 

and 57.3% (n=3,315) of these people used herbs to treat 

a specific health condition.2 Based on the 2002 National 

Health Interview Survey, an estimated ∼38.2 million adults 

in the US took herbal products and supplements in 2002.3 

In a study including 61,587 individuals aged 50–76 years 

in the US, one-third of the population stated that they used 

herbal supplements.4 However, there are limited data on the 

pharmacokinetics, mechanisms of action, and safety profiles 

for most Chinese herbal medicines.5,6 There are minimal 

regulatory requirements for safety and efficacy of herbal 

medicines in Western countries. Many herbal medicines and 

phytochemicals are traditionally used as organ protectants or 

chemopreventive agents, since they can induce antioxidant 

response and the expression of drug metabolizing enzymes 

(DMEs) and drug transporters that are responsible for the 

disposition and excretion of a large number of xenobiotics.7 

On the other hand, many Chinese herbal medicines have 

been reported to act as inducers or inhibitors of important 

DMEs and drug transporters, and this has raised a safety 

concern due to potential harmful herb–drug interactions.8–15 

However, the underlying mechanisms for herbal medicine-

induced alterations in the expression of DMEs and drug 

transporters are not fully understood. A number of DMEs 

and drug transporters are tightly regulated via epigenetic,  

transcriptional, posttranscriptional, translational, and 

posttranslational modifications. To sense and respond to 

xenobiotic exposure, DMEs and drug transporters are regu-

lated by a panel of ligand-activated transcriptional factors, 

namely nuclear receptors, including pregnane X receptor 

(PXR/NR1I2), constitutive androstane/activated receptor 

(CAR/NR1I3), farnesoid X receptor (FXR/NR1H4), liver X 

receptor-α (LXRα/NR1H3), and hepatocyte nuclear factor 

4α (HNF4α/NR2A1).16–19 These nuclear receptors serve as 

xenobiotic sensors to upregulate important DMEs and drug 

transporters that participate in the metabolism and excretion 

of xenobiotics. 

The nuclear factor (erythroid-derived 2)-like 2 (Nrf2) is 

a ubiquitous transcriptional factor encoded by the NFE2L2 

gene in humans and plays a critical role in the maintenance of 

cellular homeostasis.20–22 Nrf2-mediated antioxidant response 

pathway is the primary cellular defense mechanism against 

the cytotoxic effects of oxidative stress caused by xeno-

biotic exposure and other factors and carcinogen-induced 

carcinogenesis.20,23 Under physiological conditions, Nrf2 

is localized in the cytosol and associated with its negative 

regulator, the Kelch-like ECH-associated protein 1 (Keap1, 

also known as the Nrf2 repressor).20 The Nrf2 protein, 

upon synthesis, is rapidly degraded by the 26S proteasome 

exclusively in the cytoplasm of cells, with a half-life of 

15−20 minutes.24,25 Keap1 is crucial for the rapid turnover 

of Nrf2 and functions as an adaptor for Nrf2 ubiquitination 

at the lysine residues of the Neh2 domain by a Cullin-3-

dependent ubiquitin–ligase complex.26,27 Upon exposure to 

xenobiotics, Nrf2 dissociates from Keap1 and translocates 

into the nucleus where it heterodimerizes with other leucine 

zipper proteins such as Maf or other partners and binds to a 

cis-acting deoxyribonucleic acid (DNA) regulatory element, 

namely the antioxidant response element (ARE) in the 

upstream promoter region, and initiates the transcription of 

a wide array of cytoprotective target genes that participate 

in xenobiotic disposition and clearance from the body and 

maintain essential cellular defensive functions against myriad 

toxic products, including metalloids, chemical carcinogens, 

and radiation.23,28 Nrf2 deficiency or inactivation of Nrf2-

mediated pathway can lead to pathological changes such 

as abnormal cellular survival and apoptosis and prolonged 

inflammation recovery. Nrf2 knockout mice have showed 

significantly increased susceptibility to cancer, neurodegen-

eration, premature senescence, lung injury and fibrosis, and 

inflammation.29–37 Nrf2 also plays a key role in the regulation 

of many DMEs and drug transporters that contribute to the 

disposition, detoxification, and clearance of a large number of 

xenobiotics. Most DMEs and drug transporters have a critical 

role in the detoxification of xenobiotics and endogenous com-

pounds. For example, NAD(P)H:quinone oxidoreductase 1  

(NQO1), heme oxygenase-1 (HO-1), uridine 5′-diphospho-

glucuronosyltransferase–glucuronosyltransferases, 

glutamate–cysteine ligase, modifier subunit (GCLM), and 

glutathione (GSH) S-transferases (GSTs) are important 

contributors to xenobiotic disposition and detoxification. 

Drug transporters such as P-glycoprotein (P-gp), multidrug 

resistance-associated proteins (MRPs/ABCCs), and organic 

anion transporting polypeptides (OATPs) are critical for 

drug distribution, disposition, and excretion.38 As such, phar-

macological activation of Nrf2 has been widely advocated 

as a useful strategy for cancer prevention and treatment of 

several diseases. Induction or inhibition of DMEs and drug 

transporters may cause considerable alteration in the profiles 

of absorption, distribution, metabolism, and excretion of 

drugs.39 Therefore, it is important to identify the modulatory 

factors and signaling pathways involved in the regulation of 

DMEs and drug transporters.

Schisandra chinensis (SC, Wuweizi in Chinese) is a 

traditional Chinese herbal medicine that has been used for 
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thousands of years. It has a wide range of pharmacological 

activities, including antioxidant, hepatoprotective, antibac-

terial, anticancer, cardioprotective, and anti-inflammatory 

effects.40 SC is widely and mainly used to protect the liver 

in clinical settings in Asian countries, including the People’s 

Republic of China, Japan, and Korea.40 SC extract (SCE) 

contains a mixture of various bioactive compounds, and the 

lignanoids are the main bioactive components, including 

schisandrin (Sch); pseudo Sch; SchA (ie, deoxyschisandrin), 

SchB, and SchC; γ-Sch; schisandrols A and B; Wuweizi 

ethers A and B; and schisanhenol.41,42 Among them, SchB is 

the most abundant dibenzocyclooctadiene lignanoid present 

in SCE. Previous preclinical studies have found that SCE 

and its major active lignanoids protected the liver in various 

liver-injured models, with different mechanisms involved in 

its hepatoprotective activities.43–59 These include antioxida-

tion, inhibition of cytokine production, inhibition of apopto-

sis, activation of Nrf2, and other possible mechanisms.51–59 

However, the mechanism is not fully understood, and the 

role of Nrf2 in the hepatoprotection of SCE is not eluci-

dated. In this study, we aimed to examine the role of Nrf2 

in the modulating effects of SCE on important DMEs and 

drug transporters in human hepatocellular liver carcinoma 

(HepG2) cells. 

Materials and methods
Chemicals and reagents
SC was purchased from Daxiang Pharmaceuticals Inc. 

(Guangzhou, Guangdong, People’s Republic of China). 

SchA (purity  =98.0%, relative molecular mass  =416.51 

Dal) and SchB (purity =98.0%, Mr  =400.46 Dal) were 

bought from the National Institute for Food and Drug 

Control, Beijing, People’s Republic of China. tert-

Butylhydroquinone (tBHQ, purity  =97%, used as a 

known Nrf2 activator60,61), 3-(4,5-dimethylthiazol-2-yl)- 

2,5-diphenyltetrazolium bromide (MTT), cycloheximide 

(CHX, a known protein synthesis inhibitor), and dimethyl 

sulfoxide (DMSO) were obtained from Sigma-Aldrich Inc. 

(St Louis, MO, USA). Dulbecco’s Modified Eagle’s Medium 

(DMEM), fetal bovine serum (FBS), and 0.25% trypsin were 

purchased from Gibco Inc. (Grand Island, NY, USA). TRIzol 

reagent and real-time polymerase chain reaction (RT-PCR) 

kit were purchased from TaKaRa Inc. (Dalian, Liaoning, 

People’s Republic of China). Radio immunoprecipitation 

assay buffer (Beyotime Bio Inc., Shanghai, People’s Republic 

of China) and super signal-enhanced chemiluminescence 

detection system were purchased from Amersham Biosci-

ences Inc. (Piscataway, NJ, USA). The bicinchoninic acid 

kit for protein concentration measurement was bought from 

Beyotime Bio Inc. (Shanghai, People’s Republic of China). 

Primary antibodies against human HO-1 and GCLM were 

purchased from Epitomics Inc. (Burlingame, CA, USA), 

and primary antibodies against Nrf2, MRP1, MRP2, 

OATP1A2,  GADPH and Keap1 were bought from Abcam 

Inc. (Cambridge, MA, USA). ARE–luciferase plasmids 

and pEZX–PG04 control plasmids were purchased from 

GeneCopoeia Inc. (Rockville, MD, USA). 

Cell culture
The HepG2 cell line was obtained from American Tissue 

Collection Center (ATCC, Manassas, VA, USA). Cells 

were maintained in DMEM supplemented with 10% FBS, 

100 U/mL penicillin, and 100 U/mL streptomycin at 37°C 

in a humidified 5% CO
2
 atmosphere. Medium was refreshed 

every 2–3 days. 

SCE preparation
To prepare SCE, the raw materials were dissolved in 95% 

ethanol at 70°C with fresh solvent changed after each 

180 minutes three times, followed by macroporous resin 

(AB-8) purification using 75% ethanol as the eluting sol-

vent. To quantify the contents of SchA and SchB in SCE, 

a quota of SCE (20 µL) was subject to high-performance 

liquid chromatography (HPLC, LC-2010C) (Simadzu, 

Kyoto, Japan) equipped with an SPD-100MAVP detector 

and a Discovery® C-18 HPLC column (4.6×25 mm, 5 µm, 

Penomenex Nucleosil, Torrance, CA, USA). The column 

was eluted using H
2
O:methanol (v/v, 30:70) at a flow rate 

of 1.0 mL/minute for 35 minutes. The absorbance at 254 nm 

was monitored. To examine the total content of lignanoids 

of SCE, a quota of SCE (60 µL) was examined at 570 nm 

on an ultra-violet (UV)-6100S scanning spectrophotometer 

(Shanghai Precision instrument Co. Ltd, Shanghai, People’s 

Republic of China).

MTT assay
The effect of SCE on the viability of HepG2 cells was evalu-

ated using the MTT assay. Cells were seeded into a 96-well 

plate (4×103 cells/well) and treated with various concentra-

tions of SCE, SchA, SchB, and tBHQ for 24 hours. Following 

the treatment, the cells were incubated with 10 µL (5 mg/mL) 

MTT for 4 hours at 37°C. The medium was removed and the 

formazan crystals produced by viable cells were dissolved 

in 150 µL DMSO. The absorbance was detected using a 

microplate reader (THERMO Multiskan FC, MIT, USA) at 

wavelength of 570/630 nm.

Powered by TCPDF (www.tcpdf.org)

www.dovepress.com
www.dovepress.com
www.dovepress.com


Drug Design, Development and Therapy 2015:9submit your manuscript | www.dovepress.com

Dovepress 

Dovepress

130

He et al

NQO1–ARE luciferase reporter assay
HepG2 cells in a 96-well plate were transfected with a 

mixture of 0.5 µg of ARE–luciferase plasmids, 0.05 µg of 

pEZX–PG04 control plasmids (both from GeneCopoeia Inc.), 

and Lipofectamine 2000 reagent (Invitrogen). After 6 hours, 

the transfection mixture was replaced with fresh complete 

DMEM. Cells were treated with various concentrations of 

SCE for 24 hours. The Renilla and Firefly luciferase activi-

ties were measured using the Dual Luciferase Assay System 

(GeneCopoeia Inc.) with a microplate reader (THERMO 

Multiskan FC).

Total ribonucleic acid isolation and  
RT-PCR analysis
Total ribonucleic acid (RNA) was extracted from HepG2 

cells using RNAiso Plus reagent according to the manu-

facturer’s instruction. The concentration of total RNA was 

examined by spectroscope at 260/280 nm. Following the 

RNA extraction, 1 µg of total RNA was used to synthe-

size complementary deoxyribonucleic acid (cDNA). The 

cDNA was reverse transcripted using the Super Script III 

First-Strand Synthesis System (TaKaRa, Tokyo, Japan). 

The resultant cDNA was subject to RT-PCR analysis using 

Power SYBR Green PCR Master Mix (TaKaRa) in ABI7500 

Real-Time PCR system (Applied Biosystems Inc., Grand 

Island, NY, USA). The sequences of primers sequences are 

listed in Table 1.

Western blotting assay
Cells were lysed with the RIPA buffer containing the 

protease inhibitor cocktail. The protein concentration was 

measured by bicinchoninic acid assay, and protein samples 

were mixed with 4× Laemmli loading buffer containing 

dithiothreitol. The mixture was denatured at 95°C for 5 

minutes. An equal amount of protein (20 µg) was separated 

by a criterion 8% Tris–HCl gel (Bio-Rad, Hercules, CA, 

USA), and subsequently transferred onto a polyvinylidene 

difluoride membrane using a Trans-Blot semidry transfer 

cell (Bio-Rad). The membrane was blocked with 5% skim 

milk for 2 hours at room temperature and then probed with 

specific primary antibodies at 4°C overnight. Following that, 

the membranes were incubated with horseradish peroxidase-

conjugated secondary antibodies at room temperature for 

2 hours. Subsequently, the blots were visualized using the 

enhanced chemiluminescence detection system (Amersham 

Pharmacia Biotech., Piscataway, NJ, USA).

RNA interference
RNA interference experiments were performed using a 

specific pool of oligonucleotides against human Nrf2 (On-

Targetplus SMART pool human NFE2L2; RIBOBIO Inc., 

Guangzhou, People’s Republic of China). According to the 

manufacturer’s instructions, HepG2 cells were transfected 

with 25 nM Nrf2 small interfering RNA (siRNA) (siNrf2) 

using Lipofectamine 2000 (Invitrogen) for 24 hours. The 

negative control was performed by transfection with a non-

targeting silencing pool (On-Targetplus siGAPDH; RIBO-

BIO Inc.) at the same concentration as siNrf2. The silencing 

efficiency was evaluated after 24 hours by analyzing the gene 

expression level of target of interest. 

Measurement of intracellular GSH  
level and total GST content
HepG2 cells were seeded in a six-well plate at a density of 

5.0×105 cells/well. After 24 hours, cells were treated with serum-

free medium containing different concentrations of drugs for  

24 hours. Then, cells were washed with phosphate-buffered 

saline twice and harvested using the lysis buffer. Cell lysate 

Table 1 Sequences of primers designed for real-time polymerase chain reaction analysis

Gene Forward primer Reverse primer 

Nrf2 ATAGCTGAGCCCAGTATC CATGCACGTGAGTGCTCT 
HO-1 ACATCTATGTGGCCCTGGAG TGTTGGGGAAGGTGAAGAAG
NQO1 CAGTGGTTTGGAGTCCCTGCC TCCCCGTGGATCCCTTGCAG
GCLM AATCTTGCCTCCTGCTGTGTGA TGCGCTTGAATGTCAGGAATGC
GSTA4 AGTTGCAGGATGGTAACCACC ATGGCCTAAAGATGTTGTAGACGG
MRP2 CTTCGGAAATCCAAGATCCTGG TAGAATTTTGTGCTGTTCACATTCT 
MRP4 GGATCCAAGAACTGATGAGTTAAT TCACAGTGCTGTCTCGAAAATAG 
P-gp TGCTCAGACAGGATGTGAGTTG AATTACAGCAAGCCTGGAACC 
OATP1A2 AAGACCAACGCAGGATCCAT GAGTTTCACCCATTCCACGTACA 
OATP1B1 TGAAATCACTTGCACTGGGTTT CTCCTAGTGCGTATAACCATTGAGT 
GAPDH AGAAGGCTGGGGCTCATTTG AGGGGCCATCCACAGTCTTC 

Abbreviations: Nrf2, nuclear factor (erythroid-derived 2)-like 2; HO-1, heme oxygenase-1; NQO1, NAD(P)H:quinone oxidoreductase 1; GCLM, glutamate–cysteine ligase, 
modifier subunit; GSTA4, glutathione S-transferase A4; MRP, multidrug resistance-associated protein; P-gp, P-glycoprotein; OATP, organic anion transporting polypeptide; 
GAPDH, glyceraldehyde 3-phosphate dehydrogenase.
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(20 µL) was used for protein concentration measurement 

and 6.5% (wt/vol) sulfosalicylic acid was added to samples 

at a ratio of 1:4 (v/v) for protein precipitation. Samples 

were incubated on ice for 10 minutes and then centrifuged 

at 1,000× g for 10 minutes. The GSH level was immediately 

detected using a microplate reader at 405 nm, and the total 

GST content was measured at 412 nm.

Statistical analysis
Data are presented as the mean ± standard deviation from 

at least three independent experiments. Statistical analyses 

were performed by SPSS 16.0 software (SPSS Inc., Chicago, 

IL, USA) using one-way analysis of variance. P0.05 is 

considered as statistical significance. 

Results
Determination of major components 
of SCE
As is shown in Figure 1, both SchA and SchB were eluted by 

the mobile phase in the HPLC system. The retention time for 

SchA and SchB was 19.17 and 26.34 minutes, respectively. 

The linearity for SchA and SchB determination by HPLC 

was found in the range of 0.012−0.240 mg/mL (r=0.9999) 

and 0.0125–0.2500 mg/mL (r=0.9999), respectively. The 

content of SchA in SCE was 1.577 mg/g crude extracts and 

0.763 mg/g crude extracts for SchB. A UV spectrophotometer 

was used to determine the total lignanoids of SCE with SchB 

used as the reference compound. The linearity was in the 

range of 4.84–24.20 mg/L (r=0.9948) and the total lignanoid 

content in SCE prepared was 39.77 mg/mL.

Effect of SCE, SchA, and SchB 
on HepG2 cell viability
First, in order to evaluate the cytotoxic effect of SCE and its 

major active lignanoids on HepG2 cells, the cell viability was 

examined using the MTT assay. Cells were incubated with 

SCE, SchA, SchB, and tBHQ for 24 hours, which resulted 

in a decrease in cell viability in a concentration-dependent 

manner (Figure 2). The cell viability was 96.1%±10.3%, 

75.8%±10.3%, 63.4%±2.4%, 53.1%±3.9%, 28.4%±14.4%, 

and 15.25%±7.0% when HepG2 cells were treated with 

SCE at 15, 30, 60, 120, 240, and 480 µg/mL for 24 hours, 

respectively (Figure 2A). The cell viability was 93.3%±17.4%, 

83.1%±19.7%, 72.3%±2.5%, 62.0%±2.5%, 40.3%±17.1%, and  

28.3%±9.7% with the incubation of SchA at 3.125, 6.25, 12.5, 
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Figure 1 The chromatograms of schisandrin (Sch) A and SchB, two major active  
components of Schisandra chinensis extract under high-performance liquid chro
matography analysis. The column was eluted using H2O:methanol (v/v, 30:70) 
at a flow rate of 1.0 mL/minute for 35 minutes. The absorbance at 254 nm was 
monitored.
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Abbreviations: Sch, schisandrin; tBHQ, tert-butylhydroquinone; IC50, half maximal inhibitory concentration.
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25, 50, and 100 µM for 24 hours, respectively (Figure 2B).  

After cells were treated with SchB at 12.5, 25, 50, 100, 

200, and 400 µM, the cell viability was 98.4%±27.2%, 

82.7%±6.2%, 83.5%±27.7%, 72.7%±34.1%, 45.8%±22.9%, 

and 30.2%±10.8%, respectively. When the cells were treated 

with tBHQ at 3.125, 6.25, 12.5, 25, 50, and 100 µM, the cell 

viability was 97.0%±11.8%, 87.3%±36.0%, 74.9%±11.0%, 

62.1%±24.6%, 45.3%±11.1%, and 16.5%±10.0%, 

respectively (Figure 2B). The half maximal inhibitory 

concentration
 
values for SCE, SchA, SchB, and tBHQ were 

306.1 µg/mL, 70.6 µM, 266.4 µM, and 50.7 µM, respectively. 

These compounds only showed a low cytotoxicity toward 

HepG2 cells. 

SCE, SchA, and SchB induce the 
expression of selected DMEs in HepG2 
cells
SCE has been reported to be a potent antioxidant that is 

primarily used to treat liver diseases.40 Herein, the effect 

of SCE on the expression of several important DMEs was 

examined at transcriptional and posttranscriptional levels. 

HepG2 cells were incubated with SCE at 100, 150, 200, 

250, and 300 µg/mL for 24 hours; the gene expression level 

of NQO1 was increased 1.9-, 2.6-, 1.6-, 2.5-, and 3.2-fold, 

respectively (P0.05) (Figure 3A); and the gene expres-

sion level of GCLM was elevated 1.4-, 4.2-, 1.4-, 2.2-, and 
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Figure 3 Effect of Schisandra chinensis extract (SCE), schisandrin (Sch) A, and SchB on the expression of NAD(P)H:quinone oxidoreductase 1 (NQO1), glutamate–cysteine 
ligase, modifier subunit (GCLM), heme oxygenase-1 (HO-1), and glutathione S-transferase A4 (GSTA4) in human hepatocellular liver carcinoma cell line cells. Human 
hepatocellular liver carcinoma cell line cells were treated with SCE at 100−300 µg/mL, 20 µM SchA, or 200 µM SchB for 24 hours. Total ribonucleic acid was extracted from 
the treated cells and then the first-strand complementary deoxyribonucleic acid was synthesized. A quota of complementary deoxyribonucleic acid (2 µL) was used as the 
template for quantitative polymerase chain reaction analysis of the target genes in each sample. (A–D) Bar graphs show the messenger ribonucleic acid expression levels of 
NQO1, GCLM, HO-1, and GSTA4, respectively. Data are presented as the mean ± standard deviation (n=3).
Notes: *P0.05; **P0.01; ***P0.001 by one-way analysis of variance; Ctrl, control.
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3.5-fold, respectively (P0.05) (Figure 3B). Treatment of 

HepG2 cells with 250 and 300 µg/mL SCE resulted in a 

2.1- and 3.9-, 1.5- and 1.3-fold increase (P0.01) in the 

gene expression level of HO-1 (Figure 3C) and GSTA4 

(Figure 3D), respectively. Moreover, there was a significant 

increase in the gene expression of NQO1, GCLM, and HO-1 

when cells were incubated with SchA at 20 µM for 24 hours. 

Treating cells with 200 µM SchB also significantly induced 

the gene expression of NQO1 and GSTA4. On the other hand, 

the protein expression level of HO-1 and GCLM was also 

examined in order to evaluate the effect of SCE on the post-

transcriptional regulation of DMEs. Incubation of HepG2 

cells with SCE at 100, 150, 200, 250, and 300 µg/mL for  

24 hours concentration dependently increased the expres-

sion levels of HO-1 and GCLM (Figure 4). SchA at 

20 µM and SchB at 200 µM also significantly increased 

the expression levels of HO-1 and GCLM in HepG2 cells 

(Figure 4). 

SCE and SchB differentially modulate 
the expression levels of selected drug 
transporters in HepG2 cells
Drug transporters play an important role in the excretion 

of xenobiotics and thus protect important organs from their 

toxicities.38 On the other hand, the regulatory effect of 

xenobiotics, including drugs and herbal medicines, on drug 

transporters may have substantial impact on the pharmacoki-

netic and pharmacodynamic profiles of a coadministered 

drug. As such, the effect of SCE on selected important drug 

transporters was evaluated at both transcriptional and post-

transcriptional levels. Incubation of HepG2 cells with SCE 

significantly increased the gene expression level of P-gp, 
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Figure 4 Effect of SCE, SchA, and SchB on the expression of HO-1 and GCLM in human hepatocellular liver carcinoma cell line cells. Human hepatocellular liver carcinoma 
cell line cells were treated with SCE at 100−300 µg/mL, 20 µM SchA, or 200 µM SchB for 24 hours. Cellular lysates were subject to Western blotting assay. (A) Representative 
blots of HO-1 and GCLM. (B, C) Bar graphs to show the expression levels of HO-1 and GCLM, respectively. Nicotinamide adenine dinucleotide phosphate was used as the 
internal control. Data are presented as the mean ± standard deviation from at least three independent experiments.
Notes: **P0.01; ***P0.001 by one-way analysis of variance.
Abbreviations: SCE, Schisandra chinensis extract; Sch, schisandrin; HO-1, heme oxygenase-1; GCLM, glutamate–cysteine ligase, modifier subunit; GAPDH, glyceraldehyde 
3-phosphate dehydrogenase; Ctrl, control.

Powered by TCPDF (www.tcpdf.org)

www.dovepress.com
www.dovepress.com
www.dovepress.com


Drug Design, Development and Therapy 2015:9submit your manuscript | www.dovepress.com

Dovepress 

Dovepress

134

He et al

A

C D

E

R
el

at
iv

e 
le

ve
l o

f P
-g

p
R

el
at

iv
e 

le
ve

l o
f M

R
P4

R
el

at
iv

e 
le

ve
l o

f M
R

P2

2.5

***

***
***

******
***

*******

***
**

**
**

**

*

*

******

***
******

*

*

****
2.0

1.5

1.0

0.5

0.0

R
el

at
iv

e 
le

ve
l o

f O
AT

P1
A

2

R
el

at
iv

e 
le

ve
l o

f O
AT

P1
B

1

2.0

1.5

1.0

0.5

0.0

1.5

1.0

0.5

0.0

0

0

1

2

3

1

2

3

4

Ctrl

SCE (1
00

 µg
/m

L)

SCE (1
50

 µg
/m

L)

SCE (2
00

 µg
/m

L)

SCE (2
50

 µg
/m

L)

SCE (3
00

 µg
/m

L)

tB
HQ (1

0 µ
M)

Sch
A (2

0 µ
M)

Sch
B (2

00
 µM

)

Ctrl

SCE (1
00

 µg
/m

L)

SCE (1
50

 µg
/m

L)

SCE (2
00

 µg
/m

L)

SCE (2
50

 µg
/m

L)

SCE (3
00

 µg
/m

L)

tB
HQ (1

0 µ
M)

Sch
A (2

0 µ
M)

Sch
B (2

00
 µM

)

Ctrl

SCE (1
00

 µg
/m

L)

SCE (1
50

 µg
/m

L)

SCE (2
00

 µg
/m

L)

SCE (2
50

 µg
/m

L)

SCE (3
00

 µg
/m

L)

tB
HQ (1

0 µ
M)

Sch
A (2

0 µ
M)

Sch
B (2

00
 µM

)

Ctrl

SCE (1
00

 µg
/m

L)

SCE (1
50

 µg
/m

L)

SCE (2
00

 µg
/m

L)

SCE (2
50

 µg
/m

L)

SCE (3
00

 µg
/m

L)

tB
HQ (1

0 µ
M)

Sch
A (2

0 µ
M)

Sch
B (2

00
 µM

)

Ctrl

SCE (1
00

 µg
/m

L)

SCE (1
50

 µg
/m

L)

SCE (2
00

 µg
/m

L)

SCE (2
50

 µg
/m

L)

SCE (3
00

 µg
/m

L)

tB
HQ (1

0 µ
M)

Sch
A (2

0 µ
M)

Sch
B (2

00
 µM

)

B

Figure 5 Effect of Schisandra chinensis extract (SCE), schisandrin (Sch) A, and SchB on the messenger ribonucleic acid expression of P-glycoprotein (P-gp), multidrug 
resistance-associated protein (MRP) 2, MRP4, organic anion transporting peptide (OATP) 1A2, and OATP1B1 in human hepatocellular liver carcinoma cell line cells. Human 
hepatocellular liver carcinoma cell line cells were treated with SCE at 100−300 µg/mL, 20 µM SchA, or 200 µM SchB for 24 hours. Total ribonucleic acid was extracted and 
complementary deoxyribonucleic acid was synthesized. A quota of complementary deoxyribonucleic acid (2 µL) was used for real-time polymerase chain reaction analysis 
of the target genes. (A–E) Bar graphs to show the relative expression levels of P-gp, MRP2, MRP4, OATP1A2, and OATP1B1, respectively. tert-Butylhydroquinone (tBHQ) was 
used as a known nuclear factor (erythroid-derived 2)-like 2 activator. Data are presented as the mean ± standard deviation (n=3).
Notes: *P0.05; **P0.01; ***P0.001 by one-way analysis of variance; Ctrl, control.

Powered by TCPDF (www.tcpdf.org)

www.dovepress.com
www.dovepress.com
www.dovepress.com


Drug Design, Development and Therapy 2015:9 submit your manuscript | www.dovepress.com

Dovepress 

Dovepress

135

SCE regulates DMEs and transporters through Nrf2 activation

MRP2, and MRP4 (Figure 5). There was a 2.0- and 1.5-fold 

increase in the gene expression level of P-gp in HepG2 

cells treated with 200 or 250 µg/mL of SCE, respectively 

(Figure 5C). Treatment of HepG2 cells with SCE at 100, 

150, 200, 250, and 300 µg/mL increased 1.5-, 1.8-, 1.8-, 

2.5-, and 2.0-fold in MRP2 gene expression level (Figure 5A)  

and elevated 1.9-, 1.8-, 2.2-, and 1.7-fold in MRP4 gene 

expression level, respectively (Figure 5B). SchB at 200 µM 

significantly increased the gene expression level of MRP2 

and MRP4. In addition, tBHQ (a known Nrf2 agonist/acti-

vator) significantly increased the gene expression level of 

P-gp and MRP2. There was no significant effect of SchA 

at 20 µM on the gene expression level of P-gp, MRP2, and 

MRP4 (Figure 5). 

On the contrary, incubation of HepG2 cells with SCE 

significantly reduced the gene expression level of OATP1A2 

and OATP1B1. There was a 30.9% and 53.1% reduction in 

the gene expression of OATP1A2 when cells were treated 

with SCE at 200 and 300 µg/mL, respectively (Figure 5D), 

and there was a 41.6%, 42.8%, and 86.4% decrease in the 

gene expression of OATP1B1 when cells were incubated with 

SCE at 100, 150, and 250 µg/mL, respectively (Figure 5E). 

However, SchB at 200 µM increased 1.4-fold in the gene 

expression level of OATP1A2 (P0.05). There was no sig-

nificant effect of SchA at 20 µM on the gene expression level 

of OATP1A2 and OATP1B1 (Figure 5). Notably, incubation 

of HepG2 cells with tBHQ significantly decreased 37.9% and 

27.3% of the messenger RNA (mRNA) levels of OATP1A2 

and OATP1B1, respectively (Figure 5).

In addition, the protein expression levels of P-gp, MRP2, 

and OATP1A2 were examined in HepG2 cells treated with 

SCE, SchA, or SchB. As shown in Figure 6, incubation of 

HepG2 cells with 250 and 200 µg/mL SCE significantly 

increased 1.9- and 1.4-fold in the levels of P-gp and MRP2, 

respectively, whereas there was an 85.7% reduction in 

OATP1A2 level at a concentration of 250 µg/mL SCE. 

Treatment of cells with 10 µM tBHQ increased 2.3-fold in 

the expression level of MRP2. In addition, SchA at 20 µM 

significantly enhanced the expression of P-gp and MRP2 

but decreased the expression level of OATP1A2. SchB 

at 200 µM significantly increased the expression level of 

P-pg but reduced the expression of MRP2 and OATP1A2 

(Figure 6). These findings demonstrate that SCE, SchA, and 

SchB at different concentrations have distinct effects on the 

expression of various drug transporters; SchA and SchB are 

the major modulators of these drug transporters; and Nrf2 

appears to play an important role in the regulation of these 

drug transporters.

SCE, SchA, and SchB increase intracellular 
GSH levels and total GST contents
Owing to their potent antioxidant activity, GSH and GSTs 

have an important role in maintaining essential cellular func-

tion against the cytotoxic effects of xenobiotics. Herein, the 

effect of SCE on intracellular levels of GSH and total GST 

content was examined in HepG2 cells. SCE remarkably 

elevated the intracellular level of GSH and the total content 

of GSTs in HepG2 cells. There was a 2.6-, 8.2-, 6.3-, and 

4.0-fold increase in the intracellular level of GSH when 

HepG2 cells were treated with 150, 200, 250, and 300 µg/mL  

SCE, respectively (Figure 7A). Similarly, there was a 2.7-, 

4.9-, 3.6-, and 2.5-fold increase in the total content of GSTs 

when cells were incubated with 150, 200, 250, and 300 µg/mL  

SCE, respectively (Figure 7B). SchA at 20 µM and SchB 

at 200 µM showed a comparable promoting effect on the 

intracellular level of GSH and the total content of GSTs as 

SCE in HepG2 cells. 

SCE activates Nrf2 in HepG2 cells 
as indicated by the NQO1–ARE 
luciferase assay
Following the observations of the regulatory effect of SCE 

on selected DMEs, drug transporters, and redox status in 

HepG2 cells, we further investigated the role of Nrf2 in the 

regulatory effect of SCE and its major components SchA and 

SchB on DMEs and drug transporters. It has been recognized 

that Nrf2 is a critical nuclear transcriptional factor regulating 

the expression of Phase II cytoprotective genes in response 

to xenobiotic exposure and other external stimuli.20,22 Herein, 

we examined the effect of SCE on the expression/activity of 

Nrf2 by testing the activity of NQO1–ARE luciferase, which 

indicates the activity of Nrf2. Incubation of HepG2 cells with 

SCE significantly enhanced the activity of Nrf2. There was 

a 2.2-, 3-, 6-, 6.1-, 5.9-, and 3.2-fold increase in the level of 

NQO1–ARE luciferin when cells were treated with SCE at 

50, 100, 150, 200, 250, and 300 µg/mL, respectively. tBHQ 

at 10 µM, SchA at 20 µM, and SchB at 200 µM increased 

4.4-, 4.0-, and 4.3-fold in the level of NQO1–ARE luciferin, 

respectively (P0.01) (Figure 8). These results suggest that 

the SCE acts as an Nrf2 activator in HepG2 cells.

Nrf2 knockdown attenuates the 
induction of DMEs and efflux drug 
transporters
Nrf2 is a key transcriptional factor that regulates DMEs 

and drug transporters.20,22 To clarify the role of Nrf2 in the 
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Figure 6 Effect of SCE, SchA, and SchB on the protein expression of P-gp, MRP2, and OATP1A2 in human hepatocellular liver carcinoma cell line cells. Human hepatocellular 
liver carcinoma cell line cells were treated with SCE at 100−300 µg/mL, 20 µM SchA, or 200 µM SchB for 24 hours. Cellular lysates were subject to Western blotting assay. 
(A) Representative blots of P-gp, MRP2, and OATP1A2. (B–D) Bar graphs to show the expression levels of P-gp, MRP2, and OATP1A2, respectively. Nicotinamide adenine 
dinucleotide phosphate was used as the internal control. Data are presented as the mean ± standard deviation from at least three independent experiments. 
Notes: *P0.05; **P0.01; ***P0.001 by one-way analysis of variance.
Abbreviations: SCE, Schisandra chinensis extract; Sch, schisandrin; P-gp, P-glycoprotein; MRP2, multidrug resistance-associated protein 2; OATP1A2, organic anion 
transporting peptide; tBHQ, tert-butylhydroquinone; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; Ctrl, control.

regulation of DMEs and drug transporters by SCE, RNA 

interference was performed to knock down Nrf2 in HepG2 

cells. In comparison with the control group (si-Ncontrol), 

incubation of HepG2 cells with Nrf2 siRNA significantly 

decreased 50% and 48% in the gene expression of NQO1 

(Figure 9C) and MRP2 (Figure 9E), respectively. There 

was a 30% reduction in the gene expression of HO-1 when 

treated with Nrf2 siRNA (P0.05) (Figure 9D). Furthermore, 

there was a 60% decrease in the expression level of Nrf2 

compared with the control, and the inducing effect of SCE 

on the expression of Nrf2 was attenuated (Figure 9A and B). 

These results indicate that Nrf2-mediated signaling pathway 

is involved in the regulatory effect of SCE on DMEs and 

drug transporters in HepG2 cells.

SCE, SchA, and SchB suppress Keap1 
expression and facilitate nuclear 
translocation of Nrf2 in HepG2 cells
Keap1 is known as an Nrf2 repressor that binds Nrf2 with cel-

lular actin cytoskeleton in cytoplasm.20–22 We have observed 

that Nrf2 plays an important role in the regulatory effect 

of SCE on DMEs and drug transporters. Next, we further 

examined the effect of SCE, SchA, and SchB on Keap1 

expression and the nuclear translocation of Nrf2 to clarify the 

regulatory effect of SCE on the interaction between Keap1 

and Nrf2. Incubation of HepG2 cells with SCE concentration 

dependently decreased the cytosolic level of Keap1 (P0.01) 

(Figure 10). Treatment of HepG2 cells with SCE at 250 
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and 300 µg/mL significantly decreased the cytosolic level 

of Keap1 by 45.85% and 70.68%, respectively (P0.001). 

SchA at 20 µM and SchB at 200 µM significantly decreased 

the cytosolic level of Keap1 by 32.94% and 35.90%, respec-

tively (P0.05). We also examined the effect of SCE on 

Nrf2 protein expression in the nucleus and cytoplasm. The 

results showed an increase in Nrf2 at both total and nuclear 

protein levels, which indicates that SCE facilitates the nuclear 

translocation of Nrf2 (Figure 10).

SCE increases Nrf2 protein stability
In addition, to further elucidate how SCE regulated DMEs 

and drug transporters through Nrf2 activation, the effect of 

SCE on Nrf2 protein stability was examined. HepG2 cells 

were treated with the protein synthesis inhibitor CHX at 

indicated times with or without pretreatment of SCE, SchA, 

and SchB. At the basal level, the half-life of Nrf2 protein 

was 13.07±0.50 minutes. Pretreatment of cells with SCE at 

200 µg/mL, SchA at 20 µM, and SchB at 200 µM significantly 

prolonged the half-lives of Nrf2 protein (P0.001), which 

were 26.02±0.46, 24.14±0.80, and 19.41±1.96 minutes, 

respectively (Figure 11). These results indicate that SCE, 

SchA, and SchB remarkably increase Nrf2 stability primarily 

through inhibition of protein degradation. Since SCE, SchA, 

and SchB downregulated Keap1, this would contribute to the 

prolonged half-lives of Nrf2 in HepG2 cells. 

Discussion
SCE (Wuweizi), dried mature fruit from SC, is one of the 

most commonly used Chinese herbal medicines as a liver 

protectant that has been documented in Sheng Nong’s 

Herbal Classic.62,63 To date, it has been shown that SCE has 

remarkable protective effects on the liver, digestive system, 

central nervous system, and cardiovascular system.64 These 

beneficial effects can be ascribed to its antioxidative and 
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Figure 7 Effect of Schisandra chinensis extract (SCE), schisandrin (Sch) A, and SchB on the intracellular level of glutathione (GSH) and total glutathione S-transferase (GST) 
content in human hepatocellular liver carcinoma cell line cells. Human hepatocellular liver carcinoma cell line cells were treated with SCE at 100−300 µg/mL, 20 µM SchA, or 
200 µM SchB for 24 hours. (A) Intracellular level of GSH. (B) Total GST content. Data are presented as the mean ± standard deviation (n=4).
Note: ***P0.001 by one-way ANOVA.
Abbreviation: Ctrl, control.
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Figure 8 Effect of Schisandra chinensis extract (SCE), schisandrin (Sch) A, and SchB 
on NAD(P)H:quinone oxidoreductase 1–antioxidant response element–luciferase 
activity in human hepatocellular liver carcinoma cell line cells. Human hepatocellular 
liver carcinoma cell line cells were transfected with antioxidant response element–
luciferase or control plasmids for 6 hours. Following the transfection, cells were 
treated with SCE at 50−300 µg/mL, 20 µM SchA, or 200 µM SchB for 24 hours. 
tert-Butylhydroquinone (tBHQ) at 10 µM was used as a positive control. Luciferase 
activity was measured using the dual luciferase assay system. Data are presented as 
the mean ± standard deviation (n=5). 
Note: ***P0.001 by one-way analysis of variance.
Abbreviation: Ctrl, control.

Powered by TCPDF (www.tcpdf.org)

www.dovepress.com
www.dovepress.com
www.dovepress.com


Drug Design, Development and Therapy 2015:9submit your manuscript | www.dovepress.com

Dovepress 

Dovepress

138

He et al

A

C D

E

B
R

el
at

iv
e 

le
ve

l o
f N

rf
2

R
el

at
iv

e 
le

ve
l o

f N
rf

2

R
el

at
iv

e 
le

ve
l o

f N
Q

O
1

R
el

at
iv

e 
le

ve
l o

f H
O

-1

R
el

at
iv

e 
le

ve
l o

f M
R

P2

1.5

1.0

0.5

0.0

1.5

1.0

0.5

0.0

1.5

1.0

0.5

0.0

2.0

1.5

1.0

0.0

0.5

1.5

1.0

0.5

0.0

Ctrl

si-
h-G

APDH

siN
rf2

-00
1

siN
rf2

-00
2

siN
rf2

-00
3

Ctrl
siN

rf2

SCE (1
00

 µg/m
L)

SCE (2
00

 µg/m
L)

SCE (3
00

 µg/m
L)

tBHQ (1
0 µ

M)

Sch
A (2

0 µ
M)

Sch
B (2

00
 µM)

Ctrl
siN

rf2

SCE (1
00

 µg/m
L)

SCE (2
00

 µg/m
L)

SCE (3
00

 µg/m
L)

tBHQ (1
0 µ

M)

Sch
A (2

0 µ
M)

Sch
B (2

00
 µM)

Ctrl
siN

rf2

SCE (1
00

 µg/m
L)

SCE (2
00

 µg/m
L)

SCE (3
00

 µg/m
L)

tBHQ (1
0 µ

M)

Sch
A (2

0 µ
M)

Sch
B (2

00
 µM)

Ctrl
siN

rf2

SCE (1
00

 µg/m
L)

SCE (2
00

 µg/m
L)

SCE (3
00

 µg/m
L)

tBHQ (1
0 µ

M)

Sch
A (2

0 µ
M)

Sch
B (2

00
 µM)

***

**
***

***

***

***
***

*

***

)

Figure 9 Effect of Nrf2 knockdown by ribonucleic acid interference on the expression of important drug metabolizing enzymes and drug transporters. (A) Transfection 
efficiency of various Nrf2–small interfering (si) ribonucleic acids in human hepatocellular liver carcinoma cell line cells. (B–E) Bar graphs to show the gene expression levels 
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Abbreviations: Nrf2, nuclear factor (erythroid-derived 2)-like 2; NQO1, NAD(P)H:quinone oxidoreductase 1; HO-1, heme oxygenase-1; MRP2, multidrug resistance-
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anti-inflammatory activities. In the present study, we have 

observed that SCE upregulates important DMEs and drug 

transporters that participate in xenobiotic detoxification 

with the involvement of Nrf2-mediated signaling pathway 

in HeG2 cells. 

The choice of SCE concentrations (150−300 µg/mL) in 

this study is based on the dosage of SCE used in patients 

who are administered 1.0–6.0 g of SCE per day. This equals 

20.0–120.0 µg/mL of SCE, assuming a standard adult con-

tains 50 kg of water and SCE is evenly dissolved in the 

body’s water. Our prepared SCE at 200 µg/mL contains 

0.76 µM SchA and 0.39 µM SchB. The concentrations of 

SchA and SchB used in this study were significantly higher 

than those in SCE but did not elicit remarkable cytotoxicity 

toward HepG2 cells. Notably, we tested the effects of low 

concentrations of SchA and SchB on the expression of DMEs 

and drug transporters in HepG2 cells in our pilot experiment, 

but we did not see any effects. 

The liver is the primary organ in the biotransformation 

and detoxification of endogenous and exogenous compounds 

by a large number of Phase I and II DMEs.65 Of great impor-

tance, Phase II conjugating DMEs have an important role 

in the detoxification of drugs and environmental toxicants 

and the maintenance of liver function.66 Recently, studies 

have shown that Phase I and II detoxifying and antioxidant 

enzymes such as GSTs, GCLM, NQO1, and HO-1 are critical 

in the maintenance of redox balance in the liver.65,66 NQO1 is 

an flavin adenine dinucleotide-binding cytosolic protein that 

forms homodimers and reduces quinones to hydroquinones, 

inhibiting the production of radical species.67 NQO1 also has 

anti-inflammatory effects, scavenges superoxide anion radi-

cals, and stabilizes p53 and other tumor suppressors. Muta-

tions in the NQO1 gene have been associated with tardive 

dyskinesia, an increased risk of hematotoxicity after exposure 

to benzene, and susceptibility to cancer, Alzheimer’s disease, 

and cardiovascular diseases.68 HO-1 cleaves the heme ring at 

the α-methene bridge to form either biliverdin or verdoglobin 

when the heme is still attached to a globin, with the release 

of CO and free iron.69 Biliverdin is subsequently converted 

to bilirubin by biliverdin reductase. Unlike HO-2, HO-1 is 
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Figure 10 Effect of SCE, SchA, and SchB on the expression of nuclear and total Nrf2 and Keap1. Human hepatocellular liver carcinoma cell line cells were treated with SCE at 
100−300 µg/mL, 20 µM SchA, or 200 µM SchB for 24 hours. Whole cellular and nucleic lysates were subject to Western blotting analysis. (A) Representative blots of nuclear 
and total Nrf2 and Keap1 in human hepatocellular liver carcinoma cell line cells. (B–D) Bar graphs to show the relative expression level of nuclear and total Nrf2 (B and C) 
and Keap1 (D), respectively. Nicotinamide adenine dinucleotide phosphate was used as the internal control. Data are presented as the mean ± standard deviation (n=3).
Notes: *P0.05; **P0.01; and ***P0.001 by one-way analysis of variance.
Abbreviations: SCE, Schisandra chinensis extract; Sch, schisandrin; Nrf2, nuclear factor (erythroid-derived 2)-like 2; Keap1, Kelch-like ECH-associated protein 1; GAPDH, 
glyceraldehyde 3-phosphate dehydrogenase; Ctrl, control.
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an inducible isoform in response to stress such as oxida-

tive stress, hypoxia, heavy metals, and cytokines. GCL is 

the first rate-limiting enzyme of GSH synthesis.70 Human 

GSTs contribute to the GSH conjugation or GSH-dependent 

biotransformation of xenobiotics, and many catalyze GSH 

peroxidase or thiol transferase reactions. GSTs also catalyze 

GSH-dependent isomerization reactions required for the 

synthesis of several prostaglandins and steroid hormones 

and the catabolism of tyrosine. Furthermore, GSTs serve as 

significant regulators of pathways determining cell prolifera-

tion and survival and as regulators of ryanodine receptors 

that are essential for muscle function.71 Dysregulation of 

NQO1, GCLM, GSTs, and HO-1 results in disruption of 

redox homeostasis in the liver or other organs when the level 

of reactive oxygen species outweighs the antioxidants under 

oxidative stress.72 Consequently, disrupted redox homeostasis 

may cause liver and organ damage. In the present study, we 

have observed that SCE significantly induced the expression 

of NQO1, GCLM, GSTA4, and HO-1 at both transcriptional 

and translational levels in HepG2 cells. These results can, at 

least in part, explain the antioxidative and hepatoprotective 

effects of SCE. 

GSH is a ubiquitous intracellular tripeptide with diverse 

functions including detoxification, antioxidant defense, main-

tenance of thiol status, and modulation of cell proliferation.73 

GSH is synthesized in the cytosol of mammalian cells in a 

tightly regulated manner. The major determinants of GSH 

synthesis are the availability of cysteine, the sulfur amino 

acid precursor, and the activity of the rate-limiting enzyme 

GCL, which is composed of a catalytic (GCLC) and modifier 

(GCLM) subunit.73 GSH has an important role in maintaining 

liver function via the regulation of redox homeostasis, and 

inadequate GSH levels have a significant association with 

toxicant-induced hepatotoxicity.73 Restoration of the ratio of 

GSH to its oxidized form can ameliorate toxicant-induced 

hepatotoxicity. In our study, we found that incubation of 

HepG2 cells with SCE remarkably elevated the intercellular 

level of GSH, which could partially explain the hepatopro-

tective effect of SCE. Moreover, we also observed that SCE 

significantly increased the total GST content that plays a 

critical role in the detoxification of a large number of xenobi-

otics. Taken together, the antioxidative effect of SCE can be 

ascribed, at least in part, to the upregulation of antioxidative 

enzymes and the elevation of intracellular levels of GSH. 

Given the effects of SCE on GSH and GSTs, SCE shows a 

coordinated regulatory effect in response to oxidative stress 

or chemical stimuli to exert its liver protective effects. 

Drug transporters have an important role in cellular 

protection because of their capability of removing xenobiot-

ics and endogenous substrates that can accumulate in cells 

and lead to toxicity.74,75 The ATP-binding cassette (ABC) 

transporters, such as P-gp (MDR1), MRP2, and MRP4, are 

responsible for the efflux of a number of endogenous and 

exogenous compounds.76–78 ABC transporters are divided 

into seven distinct subfamilies, including ABC1, MDR/TAP, 

MRP, ALD, OABP, GCN20, and white. P-gp is located on 

the apical surface of intestinal epithelial cells, bile canaliculi, 

renal tubular cells, and placenta and the luminal surface of 

capillary endothelial cells in the brain and testes. MRP2 is 

generally localized at the apical membrane, and MRP4 is 

at the sinusoidal membrane of hepatocytes.76–78 P-gp trans-

ports various substrates across the cell membrane, including 
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Figure 11 Effect of SCE, SchA, and SchB on Nrf2 protein stability in human 
hepatocellular liver carcinoma cell line cells.
Notes: Human hepatocellular liver carcinoma cell line cells were treated with the 
protein synthesis inhibitor CHX at 1 µg/mL for 10, 20, 30, or 60 minutes with 
or without pretreatment of 200 µg/mL SCE, 20 µM SchA, or 200 µM SchB for 
4 hours, and then the Nrf2 protein level was determined by Western blotting assay. 
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drugs such as colchicine, tacrolimus, and quinidine; che-

motherapeutic agents such as etoposide, doxorubicin, and 

vinblastine; lipids; steroids; peptides; bilirubin; digoxin; 

immunosuppressive agents; and environmental compounds.76 

MRP2/ABCC2 is an efflux transporter that aides in biliary 

excretion and renal excretion of drugs and also prevents 

xenobiotics from penetrating or accumulating in tissues such 

as lungs and from crossing the placenta.79 MRP2 has broad 

substrate specificity and can transport organic anions such 

as glucuronate, GSH conjugates of lipophilic substances, 

compounds without anionic conjugate residues (eg, metho-

trexate and bromosulfophthalein), reduced and oxidized GSH, 

nucleotide analogs, and anticancer drugs. MRP2 transports 

conjugated endogenous and xenobiotic substances, includ-

ing toxins and carcinogens into bile (from hepatocytes), 

urine (from renal proximal tubular cells), and the intestinal 

lumen (from enterocytes).79 MRP4 is unique among ABCC 

transporters due to its dual localization in polarized cells.80 

In the liver, choroid plexus, and prostatic acinar cells, MRP4 

is expressed at the basolateral membrane, while in brain 

capillary endothelium and renal proximal tubule cells, MRP4 

is expressed at the apical membrane. MRP4 mediates the 

transport of signaling molecules (such as cyclic adenosine 

monophosphate and cyclic guanosine monophosphate), uric 

acid, eicosanoids, anticancer drugs, and antiviral agents (eg, 

topotecan, tenofovir, adefovir) as well as nucleoside analogs 

(eg, 6-mercaptopurine).77,80 MRP4 transports bile acids in the 

presence of GSH and serves as a backup system for elimi-

nating bile acids from hepatocytes. Both MRP2 and MRP4 

transport their substrates in the presence of GSH. Adequate 

GSH level facilitates the transport by maintaining the integrity 

of cell membrane, protecting cells against oxidative stress, 

recovering electron transfer, and stabilizing mitochondria 

membrane potential.77,78 In the present study, we found 

that SCE upregulated the expression of P-gp, MRP2, and 

MRP4 at both transcriptional and translational levels. The 

regulatory effect of SCE appeared more potent than SchA 

and SchB alone, probably due to the presence of multiple 

components in SCE and potential synergistic effect. Notably, 

the transcriptional and posttranscriptional levels of P-gp were 

significantly enhanced by SchA and SchB. Both SchA and 

SchB are substrates of P-gp.81,82 The results indicate that SCE 

can modulate both the activity and expression of P-gp. SchA 

and SchB are inhibitors for P-gp and MRP1.83,84 

On the other hand, OATP1A2 and OATP1B1 are mem-

bers of the OATP/SLCO21 family that belongs to uptake 

transporters localized in the hepatic sinusoidal membrane.85–89 

In the intestine, OATP1A2 is localized to the brush border 

membrane of enterocytes, cholangiocytes (cells lining the bile 

ducts), the apical membrane of the distal nephron, and the 

luminal membrane of the endothelial cells of brain capillaries. 

OATP1A2 transports a range of organic anionic, neutral, and 

cationic pharmacological drugs and xenobiotics, including 

bile acids, conjugated sex steroids, linear and cyclic peptides, 

mushroom toxins, prostaglandin E
2
, the thyroid hormones T

3
 

and T
4
, BQ-123 (an endothelin receptor antagonist), CRC-220 

(a thrombin inhibitor), magnetic resonance imaging contrast 

agents, fexofenadine, methotrexate, ouabain, statins, and the 

cyanobacterial toxin microcystin.88 OATP1B1 exhibits broad 

substrate selectivity that includes anionic (eg, statins such as 

pravastatin, pitavastatin, and rosuvastatin), zwitterionic (eg, 

rifampicin), and neutral lipophilic (eg, paclitaxel) drugs.88 

OATP1B1 also transports endogenous substances such as 

bile acids, thyroid hormones, steroid sulfates, glucuronide 

conjugates, and peptides. Our results showed that SCE 

significantly suppressed the expression of OATP1A2 and 

OATP1B1 at transcriptional and posttranscriptional levels. In 

contrast to SCE, SchB at 200 µM upregulated the expression 

of OATP1A2. Nrf2 may contribute to this effect of SchB, 

but the involvement of other regulators and related signal-

ing pathways such as FXR and protein kinase C cannot be 

excluded. 

In our study, we further revealed the role of Nrf2-

mediated signaling pathway in the regulatory effect of SCE 

and its main components on DMEs and drug transporters. 

This is consistent with the reports from several previously 

published studies where Nrf2 was found to play a role in the 

antioxidative and anti-inflammatory effects of SCE and its 

main active compounds.90–92 Activation of Nrf2-mediated 

pathway by pharmacologic approach serves to stimulate 

coordinated induction of hepatic DMEs such as GSTs and 

efflux transporters such as P-gp, MRP2, MRP3, and MRP4 

upon binding to the ARE at the proximal region of the pro-

moter in the target genes. 

Nrf2 signaling is known as a mastery pathway that 

regulates the expression of a number of DMEs and 

transporters.20,22 Besides, Nrf2-mediated signaling pathway 

is widely involved in cell protection in cancer chemopre-

vention and anti-inflammatory process. Nrf2 belongs to the 

basic Lucien zipper nuclear transcriptional factor family, 

which shares regions of homology with the Cap ‘n’ Col-

lar (CNC) structure. Nrf2 contains six highly conserved 

domains known as Nrf2–ECH homology (Neh) domains.20–22 

The Neh1 domain is a CNC–bZIP domain that allows Nrf2 

to heterodimerize with small Maf proteins; the Neh2 domain 

allows for binding of Nrf2 to its cytosolic repressor Keap1; 
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the Neh3 domain plays a role in Nrf2 protein stability and 

may act as a transactivation domain, interacting with com-

ponents of the transcriptional apparatus; the Neh4 and Neh5 

domains also act as transactivation domains but bind to a 

different protein called cAMP response element binding 

protein, which possesses intrinsic histone acetyltransferase 

activity; and the Neh6 domain may contain a degron that is 

involved in the degradation of Nrf2.35,44,45 Nrf2 is considered 

to play an important role in the cellular defense mecha-

nisms against xenobiotic toxicity and carcinogenicity.20,22 

Activation of Nrf2 signaling pathway can increase the 

expression of the rate-limiting enzymes in GSH synthesis, 

thus enhancing cells’ capability against oxidative stress. It 

is evident that many small natural or synthetic molecules 

can activate Nrf2 signaling pathway leading to upregulation 

of cytoprotective genes such as detoxification and GSH 

biosynthetic enzymes. Under physiological condition, Nrf2 

locates in cytoplasm, forming a protein complex with its 

cytosolic repressor Keap1.20,22 When cells are stimulated by 

oxidative stress and/or electrophiles, Nrf2 is disassociated 

from Keap1, followed by nuclear translocation. In the 

nucleus, Nrf2 forms a protein complex dimer with small 

Maf protein and other cofactors to control the expression 

of its target genes. In other words, translocation of Nrf2 

can enhance the transcription of numerous antioxidative 

and Phase II detoxifying genes such as HO-1, NQO1, and 

GSTs.20,22 Thus, activation of Nrf2 signal can protect cells 

from challenges of drugs, toxicants, and carcinogens. Our 

results showed that HO-1, NQO1, and GCLM were upregu-

lated by SCE at a transcriptional level in a concentration-

dependent manner. In addition, SCE remarkably increased 

the total content of GSTs. Moreover, the SCE-mediated 

upregulation of HO-1 and NQO1 was abolished by Nrf2 

knockdown. These results suggest that SCE modulated 

DMEs and drug transporters via the activation of the Nrf2 

signaling pathway (Figure 12).
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Figure 12 Proposed underlying mechanism for the effect of SCE on drug metabolizing enzymes and drug transporters via Nrf2-mediated signaling pathway. Taken together, 
our findings have shown that pretreatment of human hepatocellular liver carcinoma cell line cells with SCE increased Nrf2 stability and half-life, mainly via downregulation of 
Keap1 and inhibition of Nrf2 degradation. 
Abbreviations: SCE, Schisandra chinensis extract; Nrf2, nuclear factor (erythroid-derived 2)-like 2; Keap1, Kelch-like ECH-associated protein 1; ARE, antioxidant response 
element; NQO1, NAD(P)H:quinone oxidoreductase 1; HO-1, heme oxygenase-1; GSTA4, glutathione S-transferase A4; GCLM, glutamate–cysteine ligase, modifier subunit; 
GSTs, glutathione S-transferases; P-gp, P-glycoprotein; MRPs, multidrug resistance-associated proteins; OATP, organic anion transporting polypeptide.
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Disassociation of Nrf2–Keap1 complex and translocation 

of Nrf2 into the nucleus for ARE binding in the promoter 

regions of target genes are the prerequisites of transcrip-

tional activation of DME and transporter genes.20,22 In our 

experiments, we found that SCE concentration dependently 

enhanced Nrf2 translocation as well as increased total 

Nrf2 expression level. Our results also showed that SCE 

significantly inhibited Keap1 expression in a concentration-

dependent manner. Previous studies have shown that Nrf2 

activators might stabilize Nrf2 by increasing the ubiquit-

ination and proteasomal degradation of Keap1 and con-

sequently increased the half-life of Nrf2.93,94 In agreement 

with these findings, our findings showed that pretreatment 

of HepG2 cells with SCE increased Nrf2 stability and half-

life mainly via downregulation of Keap1 and inhibition of 

Nrf2 degradation. 

In this study, we found that both SchA and SchB induced 

the gene expression of HO-1 and NQO1 and prolonged the 

half-life of Nrf2 in HepG2 cells. However, SchA and SchB 

showed different potency and regulatory effects of some 

selected genes. In the SCE we prepared, its total lignanoid 

concentration was 44.97 mg/g crude extracts. In 300 µg/mL 

SCE used for cell treatment, the total lignanoid concentration 

is only 13.15 µg/mL, and thus the concentration of SchA and 

SchB in SCE was much lower than that we used for SchA 

at 20 µM and SchB at 200 µM. Our results demonstrate that 

the major components in SCE are lignanoids, and interaction 

of these lignanoid components may enhance the biological 

activities of SCE.

SCE at 100–300 µg/mL considerably up- or downregu-

lated the expression of DMEs and drug transporters in HepG2 

cells, but there is no clear dose response relationship, while 

maximum effect was often observed at 200 µg/mL SCE. 

The reason for this is unknown, but we suspect that gene 

regulation by SCE in HepG2 cells may be saturated when 

SCE concentration achieved 200 µg/mL, and the presence 

of multiple active components in SCE may antagonize and 

synergize depending on individual component concentra-

tions. It has been reported that a low concentration of SCE 

exerts an antioxidative effect, whereas a high concentration 

of SCE exhibits an opposite effect.47 

In the present study, we observed that SCE, SchA, and 

SchB induced the expression of NQO1, HO-1, and MRP2 in 

HepG2 cells, but this effect could not be fully abolished using 

Nrf2 siRNA. This suggests that there may be other related 

signaling pathways involved in the regulatory effect of SCE 

on the expression of DMEs and drug transporters in HepG2 

cells. Recently, it has been reported that inhibition of c-Jun 

N-terminal kinase signaling pathway is involved in the liver 

protective effect of SCE in mice with acetaminophen-induced 

liver injury.59 Moreover, SCE or its components can inhibit 

nuclear transcription factor-κB and mitogen-activated pro-

tein kinase signaling pathways, contributing to its beneficial 

effects.80,83,84 Moreover, the RNA interfering efficiency may 

change, contributing to these varying effects. 

Conclusion
In summary, our study has shown that SCE upregulates the 

expression of NQO1, HO-1, GCL, GSTA4, P-gp, and MRPs 

but downregulates the expression of OATPs primarily via 

the activation of Nrf2-mediated signaling pathway in HepG2 

cells. Our findings may provide better understanding of the 

molecular mechanism for the hepatoprotective action of 

SCE in clinical practice. On the other hand, SCE may have 

potential to interact with other drugs, and this should be taken 

into consideration in polypharmacy. More mechanistic stud-

ies are needed to dissect how SCE protects the liver through 

regulation of cytoprotective DMEs and drug transporters.
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