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Abstract

The Nrf2-Keap1 pathway is believed to be a critical regulator of the phase II defense system against oxidative stress. By activation of Nrf2, cytoprotective
genes such as heme oxygenase-1 (HO-1), NAD(P)H:quinone oxidoreductase (NQO-1) and γ-glutamyl-cysteine ligase (GCL) are induced. GCL-induced
glutathione (GSH) production is believed to affect redox signaling, cell proliferation and death. We here report that tert-butyl hydroperoxide (t-BHP)-induced
GSH reduction led to mitochondrial membrane potential loss and apoptosis in cultured human retinal pigment epithelial cells from the ARPE-19 cell line.
Hydroxytyrosol (HT), a natural phytochemical from olive leaves and oil, was found to induce phase II enzymes and GSH, thus protect t-BHP-induced
mitochondrial dysfunction and apoptosis. Depletion of GSH by buthionine-[S,R]-sulfoximine enhanced t-BHP toxicity and abolished HT protection.
Overexpression of Nrf2 increased GSH content and efficiently protected t-BHP-induced mitochondrial membrane potential loss. Meanwhile, HT-induced GSH
enhancement and induction of Nrf2 target gene (GCLc, GCLm, HO-1, NQO-1) messenger RNA (mRNA) were inhibited by Nrf2 knockdown, suggesting that HT
increases GSH through Nrf2 activation. In addition, we found that HT was able to activate the PI3/Akt and mTOR/p70S6-kinase pathways, both of which
contribute to survival signaling in stressed cells. However, the effect of HT was not inhibited by the PI3K inhibitor LY294002. Rather, c-Jun N-terminal kinase
(JNK) activation was found to induce p62/SQSTM1 expression, which is involved in Nrf2 activation. Our study demonstrates that Nrf2 activation induced by the
JNK pathway plays an essential role in the mechanism behind HT's strengthening of the antiapoptotic actions of the endogenous antioxidant system.
© 2012 Elsevier Inc. All rights reserved.
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1. Introduction

Nuclear factor (erythroid-derived-2)-like 2, also known as Nrf2, is
a master regulator of the antioxidant response [1–3]. Under normal or
unstressed conditions, Nrf2 is tethered in the cytoplasm by Keap1
[4,5]. Keap1 acts as a substrate adaptor protein for Cullin 3-based
ubiquitination, which results in the degradation of Nrf2 [6,7].
Activation of Nrf2 requires its translocation into the nucleus, where
it heterodimerizes with a small Maf protein and binds to the
antioxidant response element in the upstream promoter region of
many antioxidative genes [8]. Therefore, there are two ways to
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mediate Nrf2 activation. One is to up-regulate Nrf2 expression, and
the second is to disrupt critical cysteine residues between Keap1 and
Nrf2, thus setting Nrf2 free for translocation.

Several target genes have been identified, such as heme
oxygenase-1 (HO-1) [9], NAD(P)H:quinone oxidoreductase (NQO-1)
and γ-glutamyl-cysteine ligase (GCL) [10]. GCL is a heterodimer
consisting of catalytic (GCLc) and modifier (GCLm) subunits, both of
which are products of Nrf2 target genes. GCL has been extensively
investigated for its ability to regulate the synthesis of glutathione
(GSH), one of the most important antioxidants in vivo. Previous
studies indicated that GSH plays a fundamental role in DNA synthesis
and repair, protein synthesis, amino acid transport and enzyme
activation, in addition to its role as antioxidant [11–13]. It is also
essential for regulating the nitric oxide cycle [14], for enhancing
lymphocyte proliferation [15,16] and for regulating apoptosis. In
consequence, GSH has been found to be widely involved in the
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etiology of several human diseases including cancer, neurodegenera-
tion, obesity and diabetes.

p62/SQSTM1 (p62) was originally identified because it bound to
the tyrosine kinase Lck [17]. Subsequently, it was found to bind
atypical protein kinase C and act as a scaffold or adaptor protein in
nuclear factor κB signaling pathways [18,19]. p62 has been reported
to possess dual-binding sites for ubiquitin chains and LC3 and to be
involved in autophagic clearance of ubiquitin aggregates [20].
Recent studies reported that up-regulation of endogenous p62
induced by a deficiency in autophagic function or by ectopic
expression of p62 causes p62 to sequester Keap1 into aggregates
through direct interaction between these two proteins; the
resulting suppression of Nrf2 ubiquitination leads to increased
Nrf2 stability and downstream gene activation [21,22]. Furthermore,
p62 has been identified as an Nrf2 target gene. It is induced by
oxidative stress mediated by Nrf2, and at the same time, p62
protein contributes to the activation of Nrf2, creating a positive
feedback loop [23].

In previous studies, we reported that hydroxytyrosol (HT), a
natural phytochemical from olive oil, activates Nrf2, induces target
gene expression and therefore protects ARPE-19 cells from
acrolein-induced cell death [24,25]. However, the acrolein treat-
ment was acute and caused cell death by necrosis [26], and there
has been little research into HT's effect on ARPE-19 cell apoptosis.
In the current study, we found that a 6-h treatment with tert-
butyl hydroperoxide (t-BHP) decreased GSH content and mito-
Fig. 1. t-BHP induces apoptotic cell death in ARPE-19 cells. (A) ARPE-19 cells were treated with
death was analyzed using the MTT method. (B) Cells were treated with 300 μM t-BHP for 6 or
flow cytometry. For the MTT assay, values are means±S.E.M. from three separate experimen
chondrial membrane potential (MMP), which are primary ele-
ments for triggering apoptosis; a 24-h treatment caused reactive
oxygen species (ROS) production and oxidative damage. HT
pretreatment efficiently blocked t-BHP-induced apoptosis through
GSH enhancement. Using small interference RNA (siRNA) and a
wild-type Nrf2 plasmid, we demonstrated that HT mediates GSH
expression through Nrf2 activation. We also found that neither the
PI3/Akt nor the mTOR/p70S6-kinase pathway is responsible for the
Nrf2 activation, although HT activates both of them. Instead, c-Jun
N-terminal kinase (JNK) activation was found to be involved in
the regulation of GSH production. Although neither NQO-1 nor
HO-1 is regulated by JNK activation, p62 — both a newly
discovered Nrf2 target gene and Nrf2 inducer — was found to
be regulated by JNK activation, providing a possible link between
p62 and GSH production.

2. Materials and methods

2.1. Chemicals

t-BHP, SP600125, SB203580, monodansylcadaverine (MDC) and L-buthionine-
sulfoximine (BSO) were purchased from Sigma (St. Louis, MO, USA); Lysotracker and
DCF-DA were from Invitrogen (Carlsbad, CA, USA); LY294002 was from Cell Signaling
Technology (Danvers, MA, USA); U0126 was from Santa Cruz Biotechnology (Santa
Cruz, CA, USA); antibodies against NQO1, Atg12, Atg7, Atg3, Beclin-1 and LC3B were
from Cell Signaling Technology; anti-Nrf2 and HO-1 were from Santa Cruz
Biotechnology and anti-GCL was from NeoMarkers (Fremont, CA, USA). HT was
provided by DSM Nutritional Products, Inc. (Basel, Switzerland).
t-BHP at the indicated concentrations (10, 100, 300, 500 μM) for 2, 6, 12 or 24 h and cell
24 h; the percentage of apoptotic cells was detected by Annexin V/PI dual staining with
ts. ⁎Pb.05, ⁎⁎Pb.01 versus control.
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2.2. Cell culture

A human ARPE-19 cell line was obtained from Dr. Nancy J. Philp and was
cultured in Dulbecco's modified eagle medium: nutrient mixture F-12 medium
supplemented with 10% fetal bovine serum, 0.348% sodium bicarbonate, 2 mM L-
glutamine, 100 U/ml penicillin and 100 μg/ml streptomycin [27]. Cell cultures were
maintained at 37°C in a humidified atmosphere of 95% air and 5% CO2. Medium was
changed every 2 days. ARPE-19 cells were used within 10 generations.

2.3. MDC and lysotracker staining

ARPE cells were seeded in 6-well plates for 24 h, when they typically had
reached 80% confluency. MDC and lysotracker staining were performed according
to the manufacturers' instructions and were visualized using an Olympus IX-71
fluorescence microscope.

2.4. MTT assay for cell viability

ARPE-19 cells were seeded in 96-well plates at a density of 4×104 per well for 24 h.
Cells were treated with different concentrations of t-BHP or HT for the indicated time
periods. The number of viable cells was then determined by the addition of MTT (3-
[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide). Optical densities were
read at 555 nm using a microplate spectrophotometer (Multiskan Ascent; Thermo
Fisher Scientific Inc. Waltham, MA, USA).

2.5. JC-1 assay for MMP

MMP (ΔΨ) was assessed in live ARPE-19 cells using the lipophilic cationic probe
5,5′,6,6′-tetrachloro-1,1′,3,3′-tetraethyl-benzimidazolyl-carbocyanine iodide (JC-1).
For quantitative fluorescence measurements, cells were rinsed once after JC-1 staining
and scanned with a microplate fluorometer (Fluoroskan Ascent; Thermo Fisher
Fig. 2. Effects of t-BHP on oxidative stress and mitochondrial function. (A) ARPE-19 cells were
24 h, and cellular MMP was detected with the JC-1 probe. (B) Cells were treated with 300 μM
isolated, and complex I, II, and V activities were measured. Values are means±S.E.M. from th
Scientific Inc.) at 488-nm excitation and 535- and 590-nm emission, to measure green
and red JC-1 fluorescence, respectively. Each well was scanned by measuring the
intensity of each of 25 squares (of 1-mm2 area) arranged in a 5×5 rectangular array.

2.6. Assays for the activities of mitochondrial complexes

Reduced nicotinamide adenine dinucleotide (NADH)-ubiquinone reductase
(complex I), succinate-CoQ oxidoreductase (complex II), ubiquinol cytochrome c
reductase(complexIII)andMg2+-ATPase(complexV)weremeasuredspectrometrically
usingconventional assaysasdescribed [28,29].

2.7. Assay for oxygen consumption capacity

Oxygen consumption capacity was determined with the BD Oxygen Biosensor
System (BD Biosciences). Plates were sealed and scanned by a fluorescence
spectrometer (Fluoroskan Ascent, Thermo Fisher Scientific Inc.) at 1-min intervals
for 60 min at an excitation wavelength of 485 nm and emission wavelength of 630 nm.

2.8. Intracellular adenosine 5′-triphosphate (ATP) level measurement

Cells were cultured in 6-well plates. After treatment, cells were lysed by 0.5% Triton
X-100, in 100 mM glycine buffer, pH 7.4. Intracellular ATP level assays were carried out
with an ATP bioluminescent assay kit (Sigma). ATP is consumed and light is emitted
when firefly luciferase catalyzes the oxidation of D-luciferin [30].

2.9. Determination of ROS generation

The generation of intracellular ROS was determined by fluorescence of 2′,7′-
dichlorofluorescein (DCF-DA), upon oxidation of nonfluorescent, reduced, DCFH [31].
The fluorescence intensity of the supernatant was measured with a microplate
fluorometer (Fluoroskan Ascent; Thermo Fisher Scientific Inc.) at 488-nm excitation
treated with t-BHP at the indicated concentrations (10, 100, 300, 500 μM) for 2, 6, 12 or
t-BHP for 6 or 24 h; ROS levels were detected with DCF-DA. (C) Mitochondria were

ree separate experiments. ⁎Pb.05, ⁎⁎Pb.01 versus related control.

image of Fig. 2
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and 535-nm emission. Cellular oxidant levels were expressed as relative DCF
fluorescence per microgram of protein (BCA method).

2.10. Intracellular GSH measurement

GSH levels were measured with 2,3-naphthalenedicarboxyaldehyde (NDA) by a
published method [32]. A 20 μl sample and 180 μl of NDA derivatization solution [50
mM Tris (pH 10), 0.5 N NaOH and 10 mM NDA in Me2SO, vol/vol/vol 1.4:0.2:0.2] were
added to each well of a 96-well plate. The plate was covered to protect the wells from
room light and allowed to incubate at room temperature for 30 min. The NDA–GSH
fluorescence intensity was measured (472 ex/528 em) with a microplate fluorometer
(Fluoroskan Ascent; Thermo Fisher Scientific Inc.).

2.11. siRNA transfection

Transfection with Nrf2 siRNA was performed using the target sequence 5′–3′ for
human Nrf2 siRNA. ARPE-19 cells were seeded at 1.5×105 cells per well in 6-well
plates for transfection, Western blot and real-time polymerase chain reaction (PCR)
assays. The transfection, using Lipofectamine 2000, was performed as described in
the supplier's manual. Briefly, appropriate amounts of Nrf2 siRNA and 5 μl
Lipofectamine 2000 in 250 μl serum-free DMEM/12 medium were prepared in
separate RNase-free tubes. After 5-min incubation, the siRNA and Lipofectamine
were mixed and incubated for another 20 min and then added to each well. After
100 pmol siRNA per well for 24 h, cells were treated with HT 6 h for RNA analysis,
or 24 h for protein analysis.
Fig. 3. Role of GSH during apoptosis. (A) Dose response of total GSH levels in ARPE-19 cells to
were assayed for total GSH. (B) Time response of total GSH levels in cells treated with 300
lysates from ARPE-19 cells treated with BSO (1, 10, 20, 50 or 100 μM) for 24 h. Viability dete
with 50 μM BSO for 24 h, followed by 6-h exposure to 100 or 300 μM t-BHP in the absenc
versus related control.
2.12. Overexpression of Nrf2

ARPE-19 cells were transiently transfected with pCDNA3-Myc3-Nrf2-FLAG (a gift
from Dr. Yue Xiong, Lineberger Cancer Center, University of North Carolina at Chapel
Hill, NC, USA) using Lipofectamine 2000. Cells were collected for Western blot and GSH
measurements 24 h after transfection or treated for another 6 h with 300 μM t-BHP for
detection of MMP.

2.13. Flow cytometric analysis

Apoptosis was determined by using the Annexin V–FITC (fluorescein isothiocyanate)
apoptosis kit (Beyotime, Jiangsu, China) which detects cell surface changes that occur
early in the apoptotic process. The assay was performed according to themanufacturer's
instructions. After growth and treatment, the cells were collected and washed with
phosphate-buffered saline; 1×105 cells were incubated with 200 μl Annexin V–FITC
solution for 10 min at room temperature and with 200 μl propidium iodide (PI) solution
for another 10 min. The samples were then analyzed by a FACScan flow cytometer
(Becton Dickinson, Franklin Lakes, NJ, USA).

2.14. Real-time PCR

Total RNA was extracted from cells using TRIzol reagent (Invitrogen) according to
the manufacturer's protocol. Reverse transcription was performed using PrimeScript
RT-PCR Kit (TaKaRa, DaLian, China) followed by semiquantitative real-time PCR with
specific primers. Primerswere as follows:Nrf2, TTCAGCAGCATCCTCTCCACAG(forward)
6-h treatments of 10, 100, 300 or 500 μM t-BHP: cells were harvested and cell lysates
μM t-BHP for 2, 6, 12 or 24 h: cell lysate GSH levels were analyzed. (C) GSH levels of
rmined by MTT (D), and MMP determined by JC-1 fluorescence (E) of cells pretreated
e of BSO. Values are means±S.E.M. from three separate experiments. ⁎Pb.05, ⁎⁎Pb.01

image of Fig. 3
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and GCATGCTGTTGCTGATACTGG (reverse); p62, CTTGCGTCCCATGAGGTCTT (forward)
andCCCATCCAGCAGGTTACAGC(reverse);GCLc,GGCGATGAGGTGGAATAC(forward)and
AAAGGGTAGGATGGTTTGG(reverse);GCLm,ATCAAACTCTTCATCATCAAC(forward)and
GATTAACTCCATCTTCAATAGG(reverse);NQO-1,TGGCTAGGTATCATTCAACTC(forward)
and CCTTAGGGCAGGTAGATTCAG (reverse); HO-1, GCCAGCAACAAAGTGCAAGAT
(forward) and GGTAAGGAAGCCAGCCAAGAG (reverse); β-actin, CCACACCTTCTACAAT-
GAGC (forward) and GGTCTCAAACATGATCTGGG (reverse).

2.15. Western blot analyses

Samples were lysed with Western and IP lysis buffer (Beyotime, Jiangsu, China).
The lysates were homogenized, and the homogenates were centrifuged at 13,000g for
15 min at 4°C. The supernatants were collected, and protein concentrations were
determined with the BCA Protein Assay kit (Pierce 23225). Equal aliquots (20 μg) of
protein samples were applied to 10% sodium dodecyl sulfate polyacrylamide gel
electrophoresis (SDS-PAGE) gels, transferred to pure nitrocellulose membranes
(PerkinElmer Life Sciences, Boston, MA, USA) and blocked with 5% nonfat milk. The
membranes were incubated with anti-Nrf2, anti-p62, anti-HO-1, anti-Histone H1
(1:1000 Santa Cruz), anti-NQO1, anti-Atg12, anti-Atg7, anti-Atg3, anti-Beclin-1 and
anti-LC3B (1:1000; Cell Signaling; 1:1000 Upstate), anti-GCL (1:1000; NeoMarkers) or
anti-β-actin (1:10,000; Sigma) at 4°C overnight. Then the membranes were incubated
with antirabbit or antimouse antibodies at room temperature for 1 h. Chemilumines-
cent detection was performed by an ECL Western blotting detection kit (Pierce).
Nuclear and cytoplasmic Nrf2 were prepared with the Nuclear and Cytoplasmic Protein
Extraction Kit (Beyotime Institute of Biotechnology, Shanghai, China) and analyzed by
Western blot. The results were analyzed by Quantity One software to obtain the optical
density ratio of target protein to β-actin.

2.16. Statistical analysis

Data are presented as means±S.E.M. Statistical significance was evaluated with
one-way analysis of variance followed by least significant difference post hoc analysis.
In all comparisons, the level of significance was set at Pb.05.
Fig. 4. HT protects t-BHP-induced cell death and mitochondrial function. ARPE-19 cells were pr
by a 6-h treatment with 300 μM t-BHP. Cell viability (A) and MMP (B) were analyzed. Cells w
treatment in the absence of HT; cell oxygen consumption capacity (C), ATP contents (D) a
experiments. ⁎Pb.05, ⁎⁎Pb.01 versus related control.
3. Results

3.1. t-BHP apoptotic induction on ARPE-19 cell

To investigate the effect of t-BHP on cell survival, ARPE-19 cells
were treated with t-BHP at 10, 100, 300 or 500 μM concentrations,
each for 2, 6, 12 or 24 h. t-BHP began to induce 30% cell death at 300 μM
for 6 h (Fig. 1A); 500 μM produced a similar effect. We used a 300-μM
treatment for the following tests.

The cell death process induced by t-BHP was measured by
Annexin-V/PI staining and flow cytometry. Treatment with 300 μM
t-BHP for 6 h induced late apoptosis in 43.7% of cells, while 24-h
treatment induced 62.5% (Fig. 1B), indicating that apoptosis is the
major death process induced by t-BHP.
3.2. MMP loss in the induction of apoptosis

Mitochondria are the predominant sources of cellular energy
and also play a major part in the progression of apoptosis. We
investigated MMP status as a function of t-BHP challenge time
and dose. Instead of a reduction, MMP was increased by a 2-h
exposure to 100, 300 or 500 μM t-BHP. At 6 h, both 300- and
500-μM doses caused a greater than 50% loss of MMP, while
after 24 h, even 10 μM t-BHP decreased MMP significantly
(Fig. 2A).

We then tested whether oxidative damage was the cause of
MMP loss by measuring ROS production. There was no increase in
etreated with the indicated concentrations of HT (1, 10, 100, 200 μM) for 24 h, followed
ere treated with 100 μM HT for 24 h, followed by a 6-h treatment with 300-μM t-BHP
nd GSH (E) contents were analyzed. Values are means±S.E.M. from three separate

image of Fig. 4
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ROS levels associated with a 6-h treatment of 300 μM t-BHP, while
treatment for 24 h produced a more than fourfold increase
(Fig. 2B). Next, we isolated mitochondria and tested mitochondrial
complex I, II and V activities. Similar to the ROS results, the 6-h
300-μM treatments affected the activity only of complex V, and
neither of the others. After 24 h of treatment, all the complex
activities decreased (Fig. 2C). These results indicate that oxidative
damage was not responsible for the MMP loss since after 6 h, there
was no obvious oxidative damage, but more than 50% of the MMP
was lost. This gave us a clue that the loss of MMP induced by t-BHP
may induce apoptosis directly.
Fig. 5. HT induces GSH production by Nrf2 activation. Total GSH levels were measured fo
assayed. (A) Dose response: ARPE-19 cells were treated with 1, 10, 100 or 200 μM for 2
Nrf2 activation was determined by Western blot. (C) The cytoplasmic and nuclear parts o
(upper panel: Western blot image; lower graph: relative image quantification). (D) Expr
treating cells with 1, 10, 100 or 200 μM HT for 24 h (upper panel: Western blot imag
transfection were studied by protein and RNA analysis. Cells were transiently transfec
treatment with 100 μM HT for 6 or 24 h. Nrf2 protein levels (E) and GSH contents (K
mRNA levels were examined by real-time PCR after 6 h of HT treatment (F, G, H, I and
⁎⁎Pb.01 versus related control.
3.3. GSH content is critical for maintaining MMP during apoptosis

We investigated changes in GSH during t-BHP challenge and
whether GSH content affects MMP and apoptosis. We treated
ARPE-19 cells with t-BHP for 6 h at different doses and found
that both 300 and 500 μM concentrations reduced GSH contents,
while there was a small increase with the 100-μM treatment
(Fig. 3A). Moreover, the longer cells were exposed to 300 μM t-
BHP, the lower GSH levels fell (Fig. 3B). BSO, a specific inhibitor of
GSH synthesis, was found significantly inhibiting GSH production
from 10 to 100 μM(Fig. 3C).We have chosen themiddle dose of 50 μM
llowing HT treatment of ARPE-19 cells; cells were harvested and cell lysates were
4 h. (B) Time response: cells were treated with 100 μM HT for 2, 6, 12 or 24 h.
f cells were separated and analyzed, following treatment with HT for 2, 6 or 24 h
ession of Nrf2 target gene product proteins was determined by Western blot after
e; lower graph: relative image quantification). Effects of silencing Nrf2 by siRNA
ted with Nrf2 siRNA, 100 pmol per well in 6-well plates for 24 h, followed by
) were detected after 24 h of HT treatment; Nrf2, GCLc, GCLm, HO-1 and NQO-1
J, respectively). Values are means±S.E.M. from three separate experiments. ⁎Pb.05,

image of Fig. 5
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for getting more stable effect since no toxicity effect was found (data
not shown). After 50-μM BSO treatment, cells were challenged with
100 or 300 μM t-BHP. Under normal conditions, cell death was not
induced by 100 μM t-BHP. However, when pretreated with BSO, 100-
μM t-BHP treatment caused more than 50% cell death (Fig. 3D). More
surprisingly, pretreatment with BSO followed by 100-μM t-BHP
treatment induced about 90% MMP loss, in contrast to a small
increase in MMP in response to 100-μM t-BHP challenge without
BSO pretreatment (Fig. 3E). Similar results were shown in response
to 300 μM t-BHP with or without BSO pretreatment (Fig. 3D, E). BSO-
only treatment had no effects on either cell viability or MMP. These
results suggest that alteration of the intracellular GSH redox
environment results in increased instability of MMP and sensitivity
of cells to t-BHP challenge.

3.4. HT protects against mitochondrial dysfunction and cell death
induced by t-BHP

In our previous study [24], HT exerted efficient protection of
ARPE-19 cells against acrolein-induced acute cell death. In the present
study, we tested how HT affects apoptosis. Cells were pretreated with
HT at varying doses for 24 h, followed by treatmentwith 300 μM t-BHP
for 6 h. Both 100 and 200 μM HT protected cells from t-BHP-induced
cell death (Fig. 4A), and both these concentrations similarly restored
MMP (Fig. 4B). Then we tested mitochondrial function, because it
plays an important role in cell apoptosis. t-BHP induced a 50%
reduction in mitochondrial oxygen consumption capacity and ATP
level, while HT pretreatment restored these parameters to normal
levels in cells challenged by t-BHP (Fig. 4C, D). HT pretreatment
increasedGSHby about 50% and protected against the decrease inGSH
induced by a t-BHP challenge (Fig. 4E).
3.5. HT increases GSH levels through Nrf2 activation

In order to extend the GSH results, we investigated how HT
affords protection by increasing GSH cell contents. We treated cells
with HT and found that GSH contents increase as a function of both
time and dose (Fig. 5A, B). Then we measured both cytoplasmic and
nuclear levels of Nrf2, a transcription factor that is responsible for
GSH production upon translocation from the cytoplasm into the
nucleus. The theoretical MW of Nrf2 is about 57 kDa for human,
mice and rats. However, Nrf2 is a polyubiquitation protein in vivo. It
has been noted that the apparent molecular weight of human or
murine Nrf2 in SDS-PAGE ranges from 57 to 110 kDa. Both N- and C-
Santa Cruz antibodies recognize a cluster of significantly increased
bands at 100 kDa with overexpressed Nrf2 or dominate negative
Nrf2 as controls [33]. Thus, in our study, we mainly detected 100
kDa Nrf2. As shown in Fig. 5C, HT induced Nrf2 translocation even
after treatment of only 2 h. After a 24-h treatment, expressions of
Nrf2 and some of its target genes products proteins were examined.
Results showed that expression levels of Nrf2, GCLc, NQO-1 and HO-
1 were significantly induced by HT at both 100 and 200 μM
concentrations (Fig. 5D). To determine whether Nrf2 was the critical
regulator for HT-induced GSH production, we cultured cells with
siRNA specific for Nrf2 and found that HT failed to up-regulate Nrf2
expression when cells were treated in this way (Fig. 5E). For further
confirmation, messenger RNA (mRNA) levels of Nrf2 and its target
genes were examined. After ARPE-19 cells were transfected with
Nrf2 siRNA for 24 h and cultured with HT for an additional 6 h, Nrf2
mRNA levels were found to be consistent with Nrf2 protein levels
(Fig. 5F). Moreover, HT did not up-regulate mRNA levels of Nrf2
target genes including GCLc, GCLm, HO-1 and NQO-1 when Nrf2 was
silenced (Fig. 5G-J). The increase in GSH contents induced by HT was

image of 


Fig. 6. HT protects t-BHP-induced apoptosis via GSH enhancement. Cells were transiently transfected with pCDNA3-Myc3-Nrf2 or empty vector, 1 μg per well in 6-well plates for 24 h.
Nrf2, GCLc, NQO-1 and HO-1 protein expressions (A) and GSH contents (B) weremeasured after 24 h of transfection. (C) MMPwasmeasured in cells transfected for 24 h, followed by a
6-h challenge with 300 μM t-BHP. Cells were pretreated with 100 μMHT with or without 50 μM BSO for 24 h, and followed by a 6-h challenge with t-BHP: GSH contents (D), MMP (E)
and cell apoptosis (F) were examined. Values are means±S.E.M. from three separate experiments. ⁎Pb.05, ⁎⁎Pb.01 versus related control.
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also blocked by Nrf2 siRNA (Fig. 5K). These results lead us to
conclude that HT induces GSH production by activation of Nrf2.

3.6. HT protects ARPE-19 cells through GSH enhancement

We hypothesized that GSH enhancement is the critical pathway
that efficiently enables HT to protect against t-BHP-induced apoptosis.
To verify this hypothesis, Nrf2 was overexpressed, and expression
levels of GCLc, NQO-1 and HO-1 were examined (Fig. 6A). The GSH
level was increased by Nrf2 overexpression (Fig. 6B). We challenged
Fig. 7. Role of the PI3/Akt/mTOR/p70S6-kinase pathway in the induction of Nrf2. ARPE-19 cell
another 6 h. MMP (A) and cell viability (B) were examined. (C) Cells were treated with 100 μM
analyzed by Western blot. Cells were treated with 100 μM HT with or without LY294002 for 1
expression and GSH content (E) were analyzed after 24 h. (F) After treatment with HT and
examined. Values are means±S.E.M. from three separate experiments. ⁎Pb.05, ⁎⁎Pb.01 versus
cells with t-BHP after transfecting with the Nrf2 construct. Nrf2
overexpression prevented t-BHP-induced MMP loss (Fig. 6C), which
correlatedwith protection byHT.We then cultured cells for 24 h in the
presence of HT and with BSO present or absent, and challenged them
with 300 μM t-BHP for an additional 6 h. GSH contents andMMP status
were measured. HT failed to increase GSH contents when cells were
culturedwithBSO,whichdecreasedGSHcontents by about 50%.When
cells were challenged with t-BHP, HT was not able to increase GSH
contents in the presence of BSO (Fig. 6D). The results for MMP were
similar: HT failed to prevent t-BHP-induced MMP loss when cultured
s were pretreated with 50 μM LY294002 for 24 h, followed by 100 or 300 μM t-BHP for
HT for 10, 30, 60 or 120 min, and Akt, p70S6K phosphorylation and expression were
or 24 h: Akt phosphorylation and expression were analyzed after 1 h (D), Nrf2, HO-1
LY294002 for 24 h, cells were further challenged with 300 μM t-BHP, and MMP was
related control.
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with BSO (Fig. 6E). This leads us to reason that MMP is correlatedwith
the failure of GSH induction. We examined the effects of HT on t-BHP-
induced cell apoptosis with or without BSO treatment. Annexin V/PI
dual staining showed that HT or BSO treatment alone had no obvious
effect on cell apoptosis and that t-BHP drove 23.5% of cells into
apoptosis after a 6-h treatment (Fig. 6F). When cells were cultured
with BSO, HT failed to inhibit t-BHP-induced cell apoptosis. Moreover,
t-BHP challenge induced more cell apoptosis when cells were
pretreated with BSO and HT (Fig. 6F). We conclude from these results
that HT protects cells from t-BHP-induced apoptosis by increasing
GSH levels.
3.7. Role of PI3/Akt/mTOR/p70S6-kinase pathway in Nrf2 induction
by HT

The PI3/Akt/mTOR/p70S6-kinase pathway is part of survival
signaling in cells confronted with stress, and many reports have
shown that PI3/Akt pathway activation can induce Nrf2 activation and
regulate antioxidant functions in cells [34–37]. It was our interest to
reveal how ARPE-19 cells respond when challenged by t-BHP. Cells
were incubated with the PI3/Akt pathway inhibitor LY294002 for 24 h
and further treated with 100 or 300 μM t-BHP for 6 h. Alone, 100 μM t-
BHP had no effect on cellular MMP or viability. Likewise, LY294002
treatment showed no effect on MMP, although it did decrease cell
viability significantly (Fig. 7A, B). However, after pretreating with
LY294002, 100 μM t-BHP was able to cause serious MMP loss and cell
death (Fig. 7A, B). Similar results were observed after 300 μM t-BHP
treatment. Since the PI3/Akt pathway is important to ARPE-19 cell
survival, we then tested whether HT may induce Nrf2 activation via
the PI3/Akt/mTOR/p70S6-kinase pathway. For this purpose, we
treated cells with 100 μM HT for different time periods. HT activated
the pathway for all periods between 10 min and 2 h (Fig. 7C).
However, when cells were treatedwith both HT and LY294002 for 1 h,
HT could not induce Akt phosphorylation. Surprisingly, even after a
24-h treatment with LY294002, HT still retained the capacity (1) to
induce Nrf2 and HO-1 expression (Fig. 7D), (2) to induce GSH
production (Fig. 7E) and (3) to prevent t-BHP-induced MMP loss (Fig.
7F). These results clearly show that activation of Nrf2 and induction of
GSH production by HT are not regulated by the PI3/Akt/mTOR/p70S6-
kinase pathway, despite its significance for cell survival.
Fig. 8. HT induces p62 expression independent of autophagy dysfunction. ARPE-19 cells were tr
after 6 h of treatment. (B) p62 protein levels were examined after 24-h treatment. Autophagy s
staining were used to mark lysosomes and autophagosomes, respectively. (D) Autophagy-rel
Values are means±S.E.M. from three separate experiments. ⁎Pb.05, ⁎⁎Pb.01 versus related co
3.8. HT-induced p62 expression is independent of
autophagic dysfunction

It has been reported that p62 is involved in regulating the
formation of protein aggregates and that it is removed by autophagy
[20]. When autophagy is abolished, p62 accumulates in aggregates
[38]. Recently, p62 has been reported to target Keap1 directly and to
activate Nrf2 [22]. Thus, we wanted to determine whether HT might
regulate p62 levels and whether autophagy is involved. We treated
cells with HT for 6 and 24 h at the indicated concentrations and found
that a 6-h treatment with HT dose-dependently increases p62 mRNA
levels (Fig. 8A), while a 24-h treatment elevates p62 protein levels
(Fig. 8B). However, staining with Lysotracker and MDC showed that
treatment with HT for 24 h did not affect either lysosome or
autophagosome numbers, respectively (Fig. 8C). Furthermore, West-
ern blot results showed that none of the autophagy-related proteins
Atg12, Atg7, Beclin-1, Atg3 and LC3B were affected by HT treatment
(Fig. 8D). Hence, the HT-induced increase in p62 levels in ARPE-19
cells is independent of autophagic deficiency.

3.9. Involvement of the JNK pathway in p62, GSH induction and
cell survival

As demonstrated above, themechanism bywhich HT protects cells
from t-BHP-induced apoptosis does not involve the PI3/Akt/mTOR/
p70S6-kinase pathway. This raises the questionwhether themitogen-
activated protein kinases (MAPK) pathway may be involved. In the
absence of 100 μM HT, we treated cells with three MAPK inhibitors:
10 μM SP600125 for c-Jun N-terminal kinase (JNK), 10 μM U0126 for
extracellular signal-regulated kinase 1/2 (Erk1/2) and 20 μM
SB203580 for p38. After 24 h, both GSH and p62 levels were found
decreased after JNK inhibitor treatment (Fig. 9A, C). Furthermore, in
the presence of HT treatment, GSH levels were found to be suppressed
when the JNK pathway was inhibited (Fig. 9B); p62 expression was
also depressed (Fig. 9D). Then we investigated whether the JNK
pathway either affects cell survival or is involved in the ability of HT to
prevent the t-BHP-induced loss of MMP. Cells were treated with
SP600125 for 24 h, followed by treatment with 100 or 300 μM t-BHP
for an additional 6 h, and MMP was measured. Treatment with
SP600125 alone had no effect onMMP. Just as with LY294002 and BSO
treatment, JNK inhibition greatly increased cell sensitivity and cells
eated with HT (1, 10, 100 or 200 μM) for 6 or 24 h. (A) p62mRNA levels were examined
tatus of cells treated with 100 μMof HTwas examined for 24 h. (C) Lysotracker andMDC
ated proteins (Atg12, Atg7, Beclin-1, Atg3 and LC3B) were measured by Western blot.
ntrol.
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Fig. 9. Involvement of the JNK pathway in cell survival and induction of p62 and GSH. Cells were treated with 5, 10, 20 μMSP600125, 20 μMSB203580 and 10 μMU0126with or without
100 μM HT for 24 h; GSH contents without HT (A) and with HT (B). p62 protein levels were measured without HT (C) and with HT (D). (E) MMP was measured in ARPE-19 cells
pretreated with 10 μM SP600125 for 24 h followed by 100 or 300 μM t-BHP challenge for another 6 h. (F) MMPwas measured in cells cultured for 24 h with 100 μMHT in the presence
or absence of Sp600125, followed, where indicated by challenge, by 300 μM t-BHP for another 6 h. Values are means±S.E.M. from three separate experiments. ⁎Pb.05, ⁎⁎Pb.01 versus
related control.
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showed significant MMP loss when challenged with 100 μM t-BHP
(Fig. 9E). Cells were treated with 100 μM HT in the presence or
absence of SP600125 for 24 h, challenged with t-BHP for another 6 h,
followed by measurement of MMP. HT prevented the t-BHP-induced
loss of MMP; JNK inhibition partly blocked HT's restorative action
(Fig. 9F). Taken together, these results reveal that the JNK pathway
plays an essential role in regulating p62 expression and GSH
induction, two components of the mechanism by which HT protects
against t-BHP-induced apoptosis.
4. Discussion

ARPE-19 cells have been widely used for research into age-related
macular degeneration (AMD) pathogenesis, a process in which
apoptotic or necrotic degeneration of RPE is believed to be involved
[24,39–41]. In a previous study, we reported that HT can protect
ARPE-19 cells from acrolein-induced necrotic cell death [24,25].
Because apoptosis is a major cause of RPE cell degeneration, in this
study, we aimed to determine whether HT has protective effects
against the apoptosis induced by t-BHP in ARPE-19 cells. We
investigated how Nrf2 is involved in this protection. We measured
MMP and viability of cells treated with t-BHP over a range of times
and dosages and found that MMP was assuredly sensitive to t-BHP
challenge. We used a 6-h treatment with 300 μM t-BHP as a standard
for evaluating the protective effects of HT. Protein and lipid damage
induced by oxidative stress is believed to be able to disrupt
mitochondrial function, thereby leading to increased ROS levels and
induction of apoptosis. However, in our study, ROS levels and
activities of mitochondrial complexes I and II were not affected by a
6-h treatment with t-BHP; there was a slight increase in complex V
activity, which might be an adaptive response to stress. Only after a
24-h challenge were ROS levels found to increase and mitochondrial
complex activities to decrease. Apoptosis was observed to occur after
only 6 h of treatment, indicating that it is not the outcome of oxidative
damage. Since MMPwas sensitive and almost 70% MMP loss occurred
after 6 h of t-BHP treatment, we assume that direct MMP loss is the
major cause of apoptosis.

Many researchers link MMP loss to GSH depletion by suggesting
that MMP loss occurs downstream of the GSH loss, and GSH depletion
may decrease MMP and increase the vulnerability of cells to apoptosis
[42–50]. In the current study, we found that t-BHP could decrease
GSH contents in a time- and dose-dependent manner, except that 100
μM t-BHP increased GSH contents after 6 h of treatment. It was
interesting to find that a 6-h treatment with 100 μM t-BHP also
increased MMP, indicating that MMP might be an effect associated
with the increase in GSH.We then found that cells were sensitive to t-
BHP challenge when GSH levels were depleted. Normally, 100 μM t-
BHP treatment for 6 h increased MMP and had no effect on cell
viability. In contrast, when GSH was depleted by BSO, 100 μM t-BHP
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Fig. 10. Possible mechanism of HT protection against t-BHP induced cell apoptosis. t-BHP decreases GSH and therefore triggers MMP loss and apoptosis. HT induces GSH synthesis and
prevents apoptosis. Nrf2 activation is required for HT protection to occur. JNK activation-induced p62 expression is required for Nrf2-induced GSH synthesis. On the other hand, Nrf2
activation-induced expression of either NQO-1 or HO-1 is independent of JNK activation. HT-induced activations of Akt, p38 and ERK kinases, though uninvolved in the induction of
GSH synthesis, could lead to inhibition of apoptosis directly.
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induced sharp losses in MMP and cell viability. Taken together, we
conclude that GSH contents are critical for maintaining MMP and,
consequentially, for preventing the apoptotic process.

Our results show that HT effectively protects ARPE-19 cells from t-
BHP-induced reductions in MMP, oxygen consumption capacity, ATP
levels and GSH contents, all of which are important for cell survival.
HT treatment alone can increase GSH levels by about 50%, which we
assume to be themost important contributor to HT's protective effect.
In addition, HT alone could significantly increase mitochondrial
oxygen consumption capacity and cellular GSH content except ATP
content. We assumed that high oxygen consumption could cause
higher ATP production, but GSH synthesis is an ATP-consuming
process. This ATP consumption might cause no significant ATP
increase after HT treatment. It has been reported that induction of
GCLc and GCLm by Nrf2 activation regulates GSH production.We used
siRNA specific to Nrf2 to confirm that HT induces GSH production via
Nrf2 activation; four Nrf2 target genes, GCLc, GCLm, NQO-1 and HO-1,
weremeasured as positive controls for Nrf2 activation.We then found
that HT's protective effect was abolished when GSH production was
inhibited by BSO, and this supports the notion that the GSH induced
by HT via Nrf2 activation plays the key role in HT's protective effect
against t-BHP-induced apoptosis (Fig. 10).

PI3 kinase has been characterized as an Nrf2 upstream regulator in
many reports [34,51–53]. Studies show that Nrf2 activation can be
efficiently inhibited by the specific PI3K inhibitor LY294002. In this
study, we observed activation of the PI3K pathway by HT over time
periods varying from 10 min to 2 h. To our surprise, HT could still
activate Nrf2 when PI3K was inhibited by LY294002; congruously, HT
also increased GSH production and exerted protective effects under
these conditions. These results indicate that the activation of Nrf2 by
HT is independent of PI3K. Thus, the pathway involved in the
activation of Nrf2 still needs to be further investigated.

Recently, involvement of p62 in Nrf2 activation has been reported,
which introduces a new mechanism that might improve understand-
ing of HT's functionality. p62 can directly interact with Keap1, disrupt
Keap1-Nrf2 binding and thus lead to accumulation of Nrf2 in the
nucleus [20–22]. Little has been reported on p62 regulation. p62 has
been found to accumulate in ubiquitin-containing aggregates when
autophagy is disrupted in several model systems. The Terje Johansen
group has just reported that p62 is also an Nrf2 target gene and is
regulated by Nrf2, so that p62 can create a positive feedback loop in
response to oxidative stress [23]. In our study, we found that HT
increases p62 mRNA and protein levels dose dependently; we also
found that regulation of p62 accumulation is not involved in
autophagy. p62 expression and GSH content were decreased by JNK
inhibitor SP600125 treatment. Moreover, induction by HT of either
GSH or p62 was inhibited by the JNK inhibitor SP600125, and JNK
activation was necessary for maintaining MMP in the presence of a t-
BHP challenge. However, NQO-1 and HO-1 induction by HT was not
inhibited by a JNK inhibitor (data not shown), which led us to
consider Nrf2 regulation of p62 to be independent of JNK activation.
We assume that p62 might be involved in GSH induction and thereby
regulate HT's protective effects against a t-BHP challenge (Fig. 10).
However, this hypothesis needs to be investigated further.

In conclusion, these results strongly suggest that GSH reduction by
a t-BHP challenge can induce MMP loss, which in turn might cause
ARPE-19 cells to undergo apoptosis directly. HT is an effective Nrf2
inducer and increases GSH levels via Nrf2 activation, thereby
protecting ARPE-19 cells from t-BHP-induced apoptosis. Moreover,
instead of the PI3K pathway, the JNK pathway was found to be
involved in GSH and p62 induction. For the first time, we consider p62
to be a regulator involved in GSH production, a function that needs
further confirmation. Regardless, presence of p62 in the Nrf2 system
reveals a new aspect of the cellular antioxidant system and also
provides potential targets for therapeutic treatments of diseases such
as AMD that involve retinal degeneration.
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