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Nuclear factor erythroid 2-related factor 2 (Nrf2) is a redox-
sensitive transcription factor regulating expression of a number
of cytoprotective genes. Recently, Nrf2 has emerged as an impor-
tant contributor to chemoresistance in cancer therapy. In the
present study, we found that non-toxic dose of apigenin (APG)
significantly sensitizes doxorubicin-resistant BEL-7402 (BEL-
7402/ADM) cells to doxorubicin (ADM) and increases intracel-
lular concentration of ADM. Mechanistically, APG dramatically
reduced Nrf2 expression at both the messenger RNA and protein
levels through downregulation of PI3K/Akt pathway, leading to
a reduction of Nrf2-downstream genes. In BEL-7402 xenografts,
APG and ADM cotreatment inhibited tumor growth, reduced
cell proliferation and induced apoptosis more substantially when
compared with ADM treatment alone. These results clearly dem-
onstrate that APG can be used as an effective adjuvant sensitizer
to prevent chemoresistance by downregulating Nrf2 signaling
pathway.

Introduction

Hepatocellular carcinoma (HCC) is the fifth most prevalent malig-
nant diseases and the third leading cause of cancer-related deaths in
the world (1). Despite the fact that several new chemotherapeutic
drugs have been developed and a number of aggressive treatments are
available, cancer death rate continues to rise. A major factor causing
the failure of cancer therapy is the resistance to therapies including
chemoresistance.

Nuclear factor erythroid 2-related factor 2 (Nrf2) is originally iden-
tified as a pivotal factor for cell protection from oxidative and electro-
philic insults. Nrf2 regulates the expression of various cytoprotective
genes by binding to antioxidant-response elements (ARESs) in the pro-
moters of the corresponding genes such as heme oxygenase-1 (HO-1),
NAD(P)H: quinone oxidoreductase 1, aldo-keto reductases and sev-
eral adenosine triphosphate-dependent drug efflux pumps (2,3).

Kelch-like ECH-associated protein 1 (Keapl), a substrate adaptor
protein for a Cul3-dependent E3 ubiquitin ligase complex, is a major
repressor of Nrf2 (4). Keap1 constitutively suppresses Nrf2 activity in
the absence of stress. However, oxidants and electrophiles hamper the
Keap1-mediated proteasomal degradation, resulting in stabilization of
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2-phenylindole; FCM, flow cytometry; HCC, hepatocellular carcinoma;
HO-1, heme oxygenase-1; Keapl, Kelch-like ECH-associated protein 1;
mRNA, messenger RNA; MRPS5, multidrug resistance-associated protein 5;
MTT, 3-(4,5-dimethylthiazole-2-yl)-2,5-diphenyl tetrazolium bromide; Nrf2,
nuclear factor erythroid 2-related factor 2; PBS, phosphate-buffered saline;
PI3K, phosphatidylinositol-3 kinase; Rh123, rhodamine 123; siRNA, small
interfering RNA.

Nrf2 and subsequent transactivation of downstream genes regulating
cell survival (5).

Recently, Nrf2 emerged as a potential pharmacological target for
overcoming chemoresistance due to findings that Nrf2 overexpression
enhances chemoresistance, whereas blockade of Nrf2 sensitizes a vari-
ety of cancer cells including neuroblastoma, breast, ovarian, prostate,
lung and pancreatic cancer cells to chemotherapeutic drugs (6-10).
Therefore, identification of small-molecule inhibitors that potently
inhibit the Nrf2-dependent response is desirable, and such compounds
may be used as an adjuvant sensitizer to combat chemoresistance.

AKR1B10, a human member of the aldo-keto reductase superfam-
ily, is overexpressed in primary liver and lung carcinomas (11,12).
AKRI1B10 promotes cancer cell growth and survival through increas-
ing lipogenesis and eliminating cytotoxic carbonyls and is thus con-
sidered as a tumor-promoting factor (13,14). Recent studies have
demonstrated that AKR1B10 may be a key factor responsible for
drug resistance in cancer cells (15,16). However, the study on its rela-
tionship with the HCC chemotherapy is very limited. Furthermore,
although the induction of AKRIB10 by Nrf2 has been reported
(13), it is unclear if the induction is involved in HCC resistance to
chemotherapy.

Multidrug resistance-associated protein 5 (MRP5), a member of the
ABC superfamily of transmembrane proteins, has been identified as
a protective pump against endogenous and exogenous toxic agents.
MRPS5 is highly expressed in several drug-resistant cell lines to con-
fer resistance to anticancer drugs, such as 5-fluorouracil, gemcitabine,
cisplatin and methotrexate (17). However, molecular mechanisms that
regulate MRP5 overexpression in cancer cells have not been defined.
Because Nrf2 is a stress-inducible transcription factor, which regulates
the expression of several cytoprotective genes and drug detoxification
enzymes via a common ARE located in the promoter, we decided to
investigate whether Nrf2 regulates the expression of MRP5 as well.

Flavonoids are polyphenolic compounds that occur ubiquitously
in food plants and vegetables. Flavonoids are generally safe and are
associated with low toxicity, making them ideal candidates for can-
cer chemopreventive agents. Several flavonoid compounds have been
reported to be potent Nrf2 inhibitors, such as epigallocatechin 3-gal-
late, luteolin and brusatol (18-20). These prompted us to determine
whether other flavonoids structurally related to them can sensitize
cancer cells to anticancer drugs through inhibiting Nrf2 signaling
pathway.

Apigenin (4°,5,7-trihydroxyflavone, APG) is a natural bioflavo-
noid widely present in many fruits and vegetables. APG has various
biological activities such as anti-inflammatory, antioxidant and anti-
carcinogenic properties (21). In this study, we report the identifica-
tion of APG as a potent inhibitor of the Nrf2 pathway that sensitizes
doxorubicin-resistant BEL-7402 cells (BEL-7402/ADM) to ADM,
increases intracellular ADM level and suppresses tumor growth in a
mouse xenograft model. Mechanistically, APG significantly reduced
Nrf2 and its downstream genes expression through downregulating
phosphatidylinositol-3 kinase (PI3K)/Akt pathway, resulting in a rever-
sal of drug-resistant phenotype. Thus, APG is a promising dietary agent
for inhibiting Nrf2 pathway to sensitize cancer to therapeutic drugs.

Materials and methods

Reagents

APG was purchased from Shaanxi Huike Botanical Development (China)
and ADM was purchased from Zhejiang Haizheng Pharmaceutical Co.,
Ltd (China). PI3K inhibitor (LY294002) was obtained from Beyotime
Institute of Biotechnology (China). Nrf2, MRPS5, Akt, phospho-Akt-
Ser473 (p-Akt), ERK1/2, phospho-ERK1/2 (p-ERK1/2), P38, phospho-P38
(p-P38), INK, phospho-JNK (p-JNK), 3-actin and Lamin B antibodies were
obtained from Santa Cruz Biotechnology (Santa Cruz, CA). AKRIB10
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and HO-1 antibodies were from Epitomics (Burlingame, CA), horseradish
peroxidase-conjugated goat anti-rabbit immunoglobulin G and fluorescein
isothiocyanate-conjugated anti-rabbit immunoglobulin G antibodies were
from Jackson ImmunoResearch Laboratories (West Grove, PA). HiPerFect
Transfection reagent was from Qiagen (Valencia, CA). SYBR RT-PCR Kkits
were from Toyobo (Japan), and 4,6-diamidino-2-phenylindole (DAPI),
propidium iodide and rhodamine 123 (Rh123) were from Sigma (St
Louis, MO). PV-9000 Kit was obtained from Zhongshan Goldenbridge
Biotechnology (China). Trypsin, RPMI-1640 and TRIzol reagent were
purchased from Gibco Invitrogen (Carlsbad, CA), and fetal bovine serum
was purchased from Hangzhou Sijiqing Company (China).
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Cell culture

The parental human HCC cells (BEL-7402) and BEL-7402/ADM cells were
kindly provided by Prof. X.B.Wang of Hubei University of Medicine (China,
Shiyan). BEL-7402 cells were cultured in RPMI-1640 medium containing
8% fetal bovine serum in a humidified incubator containing 5% CO, at 37°C.
BEL-7402/ADM cells were grown in the above-mentioned medium with the
addition of 2 uM ADM for at least 4 weeks prior to the experiment (22).

MTT assay

Cells were plated at a density of 4x10* cells/well in 96-well plates. After
overnight recovery, BEL-7402/ADM cells were exposed to 10 uM of APG
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Fig. 1. APG increased the sensitivity of BEL-7402/ADM cells to ADM. (A—C) MTT assays. Cells were incubated for 48 h with increasing concentrations of APG
(2.5-80 uM) (A), ADM (0.5-8 uM) (B) or with 10 uM of APG followed by 48h exposure to ADM (0.5-8 uM) (C). *P < 0.05, **P < 0.01 compared with ADM
alone-treated group. (D) Cells were treated with 20 uM of APG or/and 2 uM of ADM for 24 h. The treated cells were subjected to cell cycle analysis. *P < 0.05,
##P < 0.01 versus untreated control cells; #P < 0.01 versus cells with ADM treatment alone. (E) Cells were treated with 20 uM of APG or/and 2 uM of ADM for
24 h. Fluorescent staining of nuclei by DAPI. Condensed and fragmented nuclei and apoptotic bodies were indicated with arrows. All images are shown at x200.
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followed by 48h incubation in fresh culture medium containing ADM
(0.5-8 uM). Then, 20 pl of 3-(4,5-dimethylthiazole-2-yl)-2,5-dipheny] tetra-
zolium bromide (MTT) solution (2mg/ml) was added and incubated for 4h.
After removal of the MTT solution, 200 pl of dimethyl sulfoxide was added,
and the absorbance at 570 nm was measured.

Cell cycle analysis

Cells were fixed in 70% ice-cold ethanol at 4°C overnight. For cell cycle analy-
sis, the cells were treated with 100 pg/ml of RNase A at 37°C for 30 min,
stained with 50 pg/ml of propidium iodide at 4°C for 30 min and then analyzed
for DNA content by flow cytometry (FCM).

DAPI staining assay

Cells were fixed in 4% paraformaldehyde for 20 min and permeabilized by
sequentially treating with 0.3% Triton X-100 for 20 min. A 200 pl of DAPI
solution (1 pg/ml) was added into each well and incubated at room tempera-
ture for 10 min in dark. The sections were visualized using a fluorescence
microscope.

Intracellular accumulation of ADM assay

Cells were pretreated with 10 or 20 uM of APG for 24 h and then incubated
with 8 pM of ADM at 37°C for 3h. After washing with phosphate-buft-
ered saline (PBS), the cells were subjected to fluorescence microscopy and
FCM with the excitation wavelength at 488 nm and emission wavelength
at 575nm.
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Rh123 accumulation assay

Cells were preincubated with APG for 24h and then exposed to 5 pg/ml of
Rh123 at 37°C for 1h. After washed with ice-cold PBS, the cells were immedi-
ately subjected to FCM to measure the green fluorescence signal produced by
Rh123.

Nrf2 small interfering RNA transfection

A small interfering RNA (siRNA) targeting human Nrf2 (5-GAGUUAC
AGUGUCUUAAUA-3") and anon-sense control siRNA (5-UUCUCCGAAC
GUGUCACGUTT-3") were purchased from Shanghai GenePharma Co.,
Ltd. BEL-7402/ADM cells were seeded at 1.5x 10° cells/well into 6-well
plates. The following day, cells were transfected with 5nM of Nrf2 siRNA
using HiPerFect Transfection reagent according to the manufacturer’s
instructions.

Real-time quantitative PCR

Total cellular RNA was extracted using the TRIzol reagent according to the
manufacturer’s protocol. qPCR was performed using SLAN real-time PCR
detection system with the following cycles: 95°C for 1 min; 95°C for 15 s,
58°C for 20 s and 72°C for 20 s (40 cycles); and 72°C for 5 min. Primer
sequences were Nrf2: 5-TGA GGT TTC TTC GGC TAC GTT-3" (forward)
and 5’-CTT CTG TCA GTT TGG CTT CTG G-3’ (reverse); HO-1: 5'-CTG
GAG GAG GAG ATT GAG CG-3’ (forward) and 5-ATG GCT GGT GTG
TAG GGG AT-3’ (reverse); MRP5: 5-ACT CGA CCG TTG GAA TGC
C-3’ (forward) and 5'-GGG TGC TGG TGT TTG GAA GT-3’ (reverse);

-
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Fig. 2. APG increased intracellular accumulation of ADM in BEL-7402/ADM cells. (A) BEL-7402/ADM cells were treated with ADM (8 uM) for 3 h following
24 h of exposure to APG (10 and 20 uM). The fluorescence intensity of intracellular ADM was directly observed by fluorescence microscopy. All images are
shown at x200. (B) Intracellular accumulation of ADM analyzed by FCM. Results are presented as fold change in fluorescence intensity relative to control BEL-
7402 cells. #P < 0.01 versus parental + ADM; *P < 0.05, **P < 0.01 versus resistance + ADM. (C) Effect of APG on the accumulation of Rh123 in BEL-7402/
ADM cells. Cells were incubated with 5 pg/ml of Rh123 for 1 h following 24 h of exposure to APG (10 and 20 uM). Data are expressed as mean + SD (n = 3).
#P < (.01 versus parental + Rh123; *P < 0.05, **P < 0.01 versus resistance + Rh123.

1808

Zz0z Aenuer $z uo 1senb Aq £01£912/908 L/8/vE/8101HB/UI0IED/WOD dNOOlWSPEIR//:SA)Y WOy pepeojumoq



AKRI1B10: 5-AGC AGG ACG TGA GAC TTC TAC CTG C-3’ (forward)
and 5-TCC ACC GAT GGC ATT ACC TTT A-3” (reverse); Keapl: 5'-
CCT TCA GCT ACA CCC TGG AG-3” (forward) and 5-AAC ATG GCC
TTG AAG ACA GG-37 (reverse); and B-actin: 5-GTC CAC CGC AAA
TGC TTC T A-3” (forward) and 5-TGC TGT CAC CTT CAC CGT TC-3’
(reverse). The data were collected and calculated using the comparative Ct
method and normalized to (-actin.

Immunofluorescence assay

Cells were fixed using 4% paraformaldehyde for 20 min, permeabilized with
0.3% Triton X-100 for 20 min, blocked in PBS with 30% fetal bovine serum
for 30 min followed by incubation with Nrf2 antibody (1:50) at 4°C for 24 h,
washed with PBS and labeled with a fluorescein isothiocyanate-conjugated
anti-rabbit immunoglobulin G antibody (1:100) at room temperature for 1h.
Nuclei were counterstained with DAPI (1 pg/ml) for Smin. Cells were exam-
ined under a fluorescence microscope.

Western blot analysis

Whole-cell extracts and nuclear extracts were prepared. Protein samples were
resolved in 12% sodium dodecy] sulfate—polyacrylamide gels and transferred
onto polyvinylidene difluoride membranes. After successful transfer of pro-
teins, the membranes were blocked with 5% skim milk at room temperature for
2h. Primary antibody incubation was carried out at 4°C overnight followed by
incubation with secondary antibody conjugated to horseradish peroxidase for
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1.5h. Bands were visualized with an enhanced chemiluminescence detection
kit following the manufacturer’s instructions.

In vivo xenograft studies

Male BALB/c nude mice (20+5 g, 5 weeks old) were purchased from Beijing
HFK Bioscience Co. Ltd. All animal procedures were approved by the ani-
mal ethics committee of Hubei University of Medicine. Mice were injected
with BEL-7402 (200 pl, 1x107 cells) in the subdermal space on the right
flanks. Once tumors grew to the desired size, mice were randomly assigned
into four groups and treated intraperitoneally with vehicle, ADM (3 mg/kg),
APG (50mg/kg) or in combination every 3 days for a total of seven times.
Tumor volume was measured semiweekly and calculated using the formula
(a x a x b)/2 (a, the smallest diameter; b, the largest diameter). Upon termi-
nation, tumors were harvested, and proteins were extracted for western blot.
Formalin-fixed, paraffin-embedded tumor tissue sections were used for Ki-67
and terminal deoxynucleotidyl transferase-mediated dUTP nick end labeling
analysis.

Statistical analysis

Experiments were performed in triplicate and data were expressed as
mean + SD. Statistical significance was determined by Student’s z-test
or one-way analysis of variance. P < 0.05 was considered statistically
significant.
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Fig. 3. Dose-dependent effect of APG on mRNA and nuclear protein expression of Nrf2, HO-1, AKR1B10 and MRP5 in BEL-7402/ADM cells. (A) Cells were
treated with APG (10 and 20 uM) for 24 h and subjected to real-time quantitative PCR. (B) BEL-7402/ADM cells were treated with APG (10 and 20 uM) for 24h
prior to western blot. Data are expressed as mean = SD (n = 3). *P < 0.05, #P < 0.01 versus parental; *P < 0.05, **P < 0.01 versus resistance.
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Results

APG enhances sensitivity of BEL-7402/ADM cells to ADM

Cells were exposed to ADM in the presence of 10 pM APG, as low
cytotoxicity occurred at this concentration (Figure 1A). APG mark-
edly enhanced the cytotoxicity of ADM to BEL-7402/ADM cells
(Figure 1C). Results from the experiment showed that the ICs, value
of ADM for BEL-7402/ADM cells was 3.41 times than that for BEL-
7402 cells (Figure 1B). The reversal index was 3.04-fold by APG at
the concentration of 10 pM for ADM (Figure 1C). Additionally, the
effect of APG on cell growth and apoptosis was also investigated.
APG caused a significant accumulation of BEL-7402/ADM cells in
the S-phase of the cell cycle (Figure 1D). DAPI assay showed that
all treated cells have chromosomal condensation and formation of
apoptotic bodies and the most obvious phenomenon is observed in
cotreated group (Figure 1E).

APG increases intracellular accumulation of ADM

To confirm the chemosensitivity was eventually due to increased
intracellular drug concentration, fluorometric and FCM analyses were
performed to measure intracellular ADM concentration. As shown in
Figure 2A, BEL-7402/ADM cells incubated with APG emitted higher
fluorescence intensity compared with free APG. In agreement with the
observations in fluorometric analysis, FCM analysis also showed that APG
can enhance intracellular ADM accumulation, and the effect augmented
with the concentration of APG. The fluorescence intensity of ADM in
20 uM APG-treated BEL-7402/ADM cells increased 30% compared
with the untreated cells (Figure 2B). We also conducted transport assay to
analyze the effects of APG on the accumulation of Rh123 (a fluorescent

P-gp substrate). As shown in Figure 2C, the fluorescence intensity of
Rh123 in BEL-7402 and BEL-7402/ADM cells was 122.17 and 46.6 U,
respectively (P < 0.01). APG could significantly increase the intracellular
Rh123 accumulation in BEL-7402/ADM cells (P < 0.05, P < 0.01). The
fluorescence intensity of Rh123 in 20 uM APG-treated cells was 74.13 U,
which was 59% higher than that of untreated cells. Taken together, these
data indicate that APG elevates the cytotoxicity of ADM toward BEL-
7402/ADM cells through increasing intracellular accumulation of ADM.

APG inhibits the Nrf2 signaling pathway

Real-time quantitative PCR analysis revealed that APG suppressed the
messenger RNA (mRNA) expression of HO-1, AKR1B10 and MRP5
in a dose-dependent manner. Twenty micromolar of APG reduced
the mRNA levels of these genes by 27, 16 and 30%, respectively.
Interestingly, Nrf2 mRNA was downregulated even more than its target
genes. In BEL-7402/ADM cells, Nrf2 mRNA level dropped more than
39% in the presence of 20 pM APG (Figure 3A). In contrast, Keapl
mRNA level was not affected, suggesting that APG-mediated inhibition
is independent of Keapl. In addition, APG reduced protein levels of
nuclear Nrf2 as well as Nrf2-target genes, including HO-1, AKR1B10
and MRPS in a dose-dependent manner, consistent with their mRNA
expressions (Figure 3B). Taken together, these results suggest that APG
inhibits transcription of the ARE-driven genes in BEL-7402/ADM cells.

APG increases the sensitivity of BEL-7402/ADM cells to ADM by
inhibition of Nrf2

To determine if Nrf2 signaling pathway is involved in APG-
increased sensitivity of BEL-7402/ADM cells to ADM, BEL-7402/
ADM cells were transfected with Nrf2 siRNA to knockdown Nrf2
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expression. Western blot confirmed the successful knockdown of
Nrf2 in BEL-7402/ADM cells. The expression of Nrf2-target genes
HO-1, AKR1B10 and MRPS5 was also reduced significantly in these
cells. Moreover, APG did not significantly change levels of nuclear
Nrf2 protein and its downstream genes in BEL-7402/ADM cells
transfected with Nrf2 siRNA (Figure 4A). As shown in Figure 2B,
intracellular accumulation of ADM increased 43% after transfection
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with Nrf2 siRNA compared with the untreated cells, but accumula-
tion of ADM was nearly identical in the presence or absence of APG
in BEL-7402/ADM cells with Nrf2 knockdown. Theses data suggest
that inhibiting Nrf2 contributes to increasing accumulation of ADM
in BEL-7402/ADM cells by APG.

To confirm if the sensitization by APG was Nrf2 dependent,
we tested the sensitivity of BEL-7402/ADM cells to ADM with
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Fig. 5. Inhibition of PI3K reduced Nrf2-mediated response in BEL-7402/ADM cells. (A) APG suppressed p-Akt in BEL-7402/ADM cells. Reduced expression of p-Akt
and increased expression of p-P38, p-JNK and p-ERK1/2 were observed after exposure to APG (20 uM) for 24h. #P < 0.01 versus parental; *P < 0.05, **P < 0.01 versus
resistance. (B) LY294002 (50 uM) reduced the protein levels of nuclear Nrf2 and Nrf2-target genes including HO-1, AKR1B10 and MRPS5. *P < 0.05, **P < 0.01 versus
resistance. (C) BEL-7402/ADM cells were pretreated with LY294002 (50 uM) or/and APG for 24 h prior to fluorescence microscopy. All images are shown at x200.
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Nrf2 knockdown. In agreement with the results in Figure 2B, Nrf2
siRNA-transfected BEL-7402/ADM cells were much more sen-
sitive to ADM than BEL-7402/ADM cells. However, the effect
of APG was diminished in Nrf2 siRNA-transfected BEL-7402/
ADM cells (Figure 4B). These data further demonstrate that APG
increases the sensitivity of BEL-7402/ADM cells to ADM by inhi-
bition of Nrf2.

APG downregulates Nrf2 pathway through inhibiting PI3K/Akt
pathway

Mitogen-activated protein kinases and PI3K/Akt signaling pathways
have been found to be involved in chemoresistance. To determine
the mechanism of APG in sensitizing BEL-7402/ADM cells, the
effects of APG on the mitogen-activated protein kinase and Akt
pathways were studied. As shown in Figure 5, APG attenuated
expression of p-Akt and increased p-P38, p-JNK and p-ERK1/2
levels. Importantly, inhibition of PI3K signaling by PI3K inhibitor
LY294002 reduced the protein levels of nuclear Nrf2 and Nrf2-
target genes including HO-1, AKR1B10 and MRPS5. Interestingly,
APG did not significantly change LY294002-reduced Nrf2
expression (Figure 5B). Furthermore, LY294002 inhibited Nrf2
translocation into the nucleus. It appeared that APG was unable to
remove LY294002-mediated inhibition (Figure 5C). Collectively,
these data suggest that APG inhibits Nrf2 expression through PI3K/
Akt signaling pathways.
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APG sensitizes BEL-7402 cell xenografts to ADM treatment

To elucidate whether APG and ADM can act synergistically in vivo, we
transplanted BEL-7402 cells into mice bearing subcutaneous tumors.
As shown in Figure 6, APG or ADM alone inhibited tumor weight by
40 or 55% on day 40. However, combination of ADM and APG reduced
the tumor size by 64%. In the molecular level, APG alone or combined
treatment significantly inhibited Nrf2 expression in the tumor tissues
(Figure 6C). Although ADM treatment inhibited cell proliferation
slightly, there was a significant decrease in cell proliferation when cells
were cotreated with both ADM and APG. Furthermore, APG alone
induced slight apoptosis, whereas the combined treatment significantly
induced a large number of apoptotic cells (Supplementary Figure S2,
available at Carcinogenesis Online). Our findings strongly support that
combination of ADM and APG can significantly suppress HCC growth
by reducing cell proliferation and inducing apoptosis in vivo.

Discussion

Drug resistance during chemotherapy is the major obstacle to the
successful treatment of many cancers. Nrf2 has been proposed as a
novel therapeutic target to overcome chemoresistance. In the present
study, overexpression of Nrf2 and its downstream genes AKR1B10
and MRP5 was detected in human HCC tissues compared with those
in the matched adjacent non-neoplastic liver tissues (Supplementary
Figure S1, available at Carcinogenesis Online). The positive
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Fig. 6. APG sensitized BEL-7402 xenografts to ADM treatment. (A) Combined treatment with APG and ADM significantly reduced tumor weight. When tumor
size reached 100 mm?, mice (eight per group) were treated with vehicle, ADM (3 mg/kg), APG (50 mg/kg) or both APG and ADM through intraperitoneally
every 3 days for a total of seven times. Tumors were excised and weighed at the end of the experiment (40 days). (B) Combined treatment with APG and ADM
significantly inhibited tumor growth. Tumor sizes were measured semiweekly. (C) APG reduced Nrf2 expression in xenografts in vivo. *P < 0.05, **P < 0.01

versus vehicle control; *P<0.05, #P<0.01 vs combination.
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correlation between Nrf2 and AKRIB10/MRPS protein levels was
also shown in these tissues (Supplementary Table S1, available at
Carcinogenesis Online). Furthermore, remarkable higher levels of
Nrf2 and its target proteins were detected in BEL-7402/ADM cells
as compared with BEL-7402 cells (Figure 3). On the other hand,
intracellular Nrf2 protein and its downstream gene expression were
significantly decreased, and ADM resistance was partially reversed by
Nrf2 siRNA in BEL-7402/ADM cells (Figure 4). Our findings suggest
an important role of Nrf2 in chemoresistance of human HCC, and
the induction of target proteins by Nrf2 activation might be involved
in the process. Therefore, identification of potent small-molecule
inhibitors of Nrf2 is urgently needed.

Previously, we identified several small-molecule inhibitors of Nrf2.
Luteolin was a potent small-molecule inhibitor of Nrf2, which acts as
effectively as Nrf2 siRNA in downregulating cytoprotective enzymes,
depleting glutathione and sensitizing non-small cell lung cancer cells
to anticancer drugs (19). Brusatol acted as a unique inhibitor of the
Nrf2 pathway that sensitizes a broad spectrum of cancer cells and
A549 xenografts to cisplatin and other chemotherapeutic drugs (20).
Epigallocatechin 3-gallate was found to suppress Nrf2 activity and
reduce HO-1 expression in A549 cells, although the concentrations of
epigallocatechin 3-gallate required for its inhibitory effect were high
(>200 uM) (18).

In this study, we discovered a potent small-molecule inhibitor of
Nrf2, APG. Similar to luteolin, brusatol and epigallocatechin 3-gal-
late, APG is a natural compound with anticancer potential. APG
enhanced the cytotoxicity of anticancer drugs and increased intra-
cellular concentration of ADM in chemoresistant cancer cells that
overexpress Nrf2. No obvious toxicity was observed at the doses that
were sufficient to sensitize cancer cells to chemotherapeutic treat-
ments. APG-mediated sensitization to ADM relies on its ability to
suppress Nrf2 pathway through reducing nuclear Nrf2 protein level
as well as xenobiotic metabolizing and antioxidant enzymes (HO-1,
AKR1B10 and MRP5) in BEL-7402/ADM cells (Figure 3). Although
Keap1 suppressed Nrf2 expression, APG did not alter Keapl mRNA
expression while inhibiting Nrf2 expression (Figure 3A), suggesting
that APG may inhibit Nrf2 expression through a different mecha-
nism. Indeed, we found that APG inhibited Nrf2 expression through
PI3/Akt signaling pathway. In addition, APG and ADM cotreatment
inhibited tumor growth, reduced cell proliferation and induced apop-
tosis more substantially when compared with ADM treatment alone
in BEL-7402 xenografts. These findings suggest that APG could be
a useful tool for dissecting the Nrf2/ARE pathway and indicate the
potential of this flavonoid for further therapeutic development.

Interestingly, Huang et al. (23) demonstrated that in rat primary hepat-
ocytes, APG is shown to have opposite effect, activating Nrf2 nuclear
translocation, nuclear Nrf2—ARE binding activity and ARE-dependent
luciferase activity. Thus, the actions of APG on the Nrf2/ARE pathway
appear to have multiple mechanisms and are cell-type specific. The dif-
ferential actions of APG on the Nif2/ARE signalling pathway could be
aspects of its chemopreventive and chemotherapeutic potential.

Recent studies have reported that the Nrf2 pathway is also tightly
regulated by other signaling pathways. Nrf2 activity is antagonized
by a variety of transcription factors such as activating transcription
factor 3, estrogen receptor o and peroxisome proliferator-activated
receptor (24). Therefore, it is possible to downregulate Nrf2 path-
way by treating cancer cells with agents that activate activating
transcription factor 3, estrogen receptor o or peroxisome prolifer-
ator-activated receptor y. Whether these transcription factors are
implicated in the modulation of Nrf2 pathway by APG remains to
be investigated.

Our study also addresses another important issue. Many studies
have suggested that the beneficial effects of chemopreventive drugs
on suppression of carcinogenesis are mediated through activation
of Nrf2. However, a recent genetic analysis of human tumors has
indicated that Nrf2 may conversely promote oncogenesis and cause
chemoresistance. It is therefore controversial whether the activation,
or alternatively the inhibition, of Nrf2 is a useful strategy for the
prevention or treatment of cancer. We would suggest that both sides

Apigenin sensitizes BEL-7402/ADM via Nrf2

of the argument over this apparent paradox have merit, but the answer
may depend on the context (25).

In conclusion, the present study demonstrates that BEL-7402/
ADM cells acquiring resistance to chemotherapeutic agents due
to Nrf2 overexpression become susceptible by the drug treatment
combined with APG. APG downregulates HO-1, AKR1B10 and
MRPS5 by suppressing PI3K/AKT/Nrf2 pathway, thus, reverses the
drug-resistant phenotype. Further studies in human clinical trials are
necessary in order to exploit this flavonoid as a possible natural agent
for the prevention and treatment of cancer.

Supplementary material

Supplementary Figures S1 and S2 and Table S1 can be found at http://
carcin.oxfordjournals.org/
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