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RUnconjugated bilirubin (UCB) is responsible for neonatal jaundice and high level of free bilirubin (Bf) can lead to
kernicterus. Previous studies suggest that oxidative stress is a critical component of UCB-induced neurotoxicity.
The Nrf2 pathway is a powerful sensor for cellular redox state and is activated directly by oxidative stress and/or
indirectly by stress response protein kinases. Activated Nrf2 translocates to nucleus, binds to Antioxidant
Response Element (ARE), and enhances the up-regulation of cytoprotective genes that mediate cell survival.
The aim of the present study was to investigate the role of Nrf2 pathway in cell response to bilirubin mediated
oxidative stress in the neuroblastoma SH-SY5Y cell line. Cells exposed to a toxic concentration of UCB (140 nM
Bf) showed an increased intracellular ROS levels and enhanced nuclear accumulation of Nrf2 protein. UCB stim-
ulated transcriptional induction of ARE-GFP reporter gene and inducedmRNA expression ofmultiple antioxidant
response genes as: xCT, Gly1, γGCL-m, γGCL-c, HO-1, NQO1, FTH, ME1, and ATF3. Nrf2 siRNA decreased UCB
induced mRNA expression of HO1 (75%), NQO1 (54%), and FTH (40%). The Nrf2-related HO-1 induction was
reduced to 60% in cells pre-treated with antioxidant (NAC) or specific signaling pathway inhibitors for PKC,
P38α and MEK1/2 (80, 40 and 25%, respectively). In conclusion, we demonstrated that SH-SY5Y cells undergo
an adaptive response against UCB-mediated oxidative stress by activation of multiple antioxidant response, in
part through Nrf2 pathway.

© 2013 Published by Elsevier Inc.
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R1. Introduction

Bilirubin is an end product of heme catabolism possessing both
cytoprotective and cytotoxic properties [1]. In mammalians bilirubin
plays a major role as antioxidant at physiological concentrations [2–4].
This pigment circulates in blood bound to albumin (unconjugated bili-
rubin, UCB) with only a minimal free fraction known as free bilirubin
(Bf) which determines the pathophysiological properties of bilirubin
[5–8]. When the plasma concentration is markedly elevated, the Bf
can diffuse passively across any cell membrane [9]. Themost vulnerable
site to UCB toxicity is the central nervous system in which the pigment
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produces a wide array of neurological deficits collectively known as bil-
irubin encephalopathy or kernicterus [7,10–12]. The molecular mecha-
nisms of Bf induced cell injury are incompletely elucidated and although
Bf diffuses into all brain regions and cells [13], it remains unknownwhy
only certain types of cells, e.g. Purkinje cells [14,15] aremore susceptible
to UCB toxicity than other cells such as astrocytes [16].

Oxidative stress (OS) has been implicated in the progression of
many neurological diseases, and a growing body of evidence suggests
that OS is a hallmark of UCB induced neurotoxicity. Increased intracellu-
lar reactive oxygen species (ROS) was detected in mouse hepatoma
Hepa1c1c7 cells after incubationwith UCB [17,18]. HeLa andmouse em-
bryonic cell culture exposed to UCB above its aqueous saturation
(N70 nM) showed the induction of OS, promoting the intracellular ac-
cumulation of ROS which led to the activation of redox sensor proteins
APE/Ref1 [19]. SH-SY5Y cells exposed to UCB induced OS and activated
redox sensor protein DJ-1. Furthermore, the pre-treatment of SH-SY5Y
cellswith the antioxidantN-acetylcystein (NAC) resulted in a significant
reduction in UCB-inducedmortality [20]. Studies using primary cultures
of astrocytes and neurons confirmed the role of OS in cytotoxicity
mediated by UCB [16,21–24]. Higher ROS production was observed in
neurons as compared to astrocytes while UCB toxicity was reduced by
exogenous antioxidants [23,24].

The NF-E2-related factor 2 (Nrf2) is a master cellular sensor for OS
and represents the primary response to changes in cellular redox state
://dx.doi.org/10.1016/j.cellsig.2013.11.029

http://dx.doi.org/10.1016/j.cellsig.2013.11.029
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Table 1 t1:1

t1:2List of forward and reverse primers designed for qRT-PCR analysis.

t1:3Target
gene

Accession
number

Forward primers 5′-3′ Reverse primers 5′-3′

t1:4γGCL-c NM_001498.3 AATGTCCGAGTTCAATAC AATCTGGGAAATGAAGTTAT
t1:5γGCL-m NM_002061.2 ATCAAACTCTTCATCATCAAC GATTAACTCCATCTTCAATA

GG
t1:6xCT NM_014331.3 GGTGGTGTGTTTGCTGTC GCTGGTAGAGGAGTGTGC
t1:7Gly 1 NM_201649.2 CTTCTCCTTGGTGGTCAT CATCTGGATGTCCTGGAA
t1:8HO-1 NM_002133.2 ATGCCCCAGGATTTGTCA CCCTTCTGAAAGTTCCTCAT
t1:9FTH NM_002032.2 TTACCTGTCCATGTCTTAC TCATCAGTTTCTCAGCAT
t1:10NQO-1 NM_000903.2 CCTCTATGCCATGAACTT TATAAGCCAGAACAGACTC
t1:11ME1 NM_002395.4 CGGCAGAGAAGAGTAAGA ACTTGTTCAGGAGACGAA
t1:12ATF3 NM_001674.3 AAAAGAGGCGACGAGAAA CAGCATTCACACTTTCCAG
t1:13GAPDHa NM_002046.4 TCAGCCGCATCTTCTTTTG GCAACAATATCCACTTTACC

AG
t1:14HPRTa NM_000194… ACATCTGGAGTCCTATTGACAT

CG
CCGCCCAAAGGGAACTGA
TAG

a Housekeeping genes used for normalizing the expression of target genes. t1:15
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[25–28]. Under basal state, Nrf2 is tethered within the cytosol by the
inhibitory partner cysteine rich protein Keap1 and degraded by the
ubiquitin-proteasome system [29]. Nrf2 pathway is activated directly
by OS and/or indirectly by stress-response protein kinases such as pro-
tein kinase C (PKC), mitogen activated protein kinase (MAPK) cascade,
phosphatidylinositide 3-kinases (PI3K) [26,30,31], and protein kinase-
like endoplasmic reticulum kinase (PERK) [32]. Activated Nrf2 accumu-
lates in the nucleus and binds to the Antioxidant Response Element
(ARE) [25], a cis-acting enhancer present in the promoter region of a
large and distinct set of target genes, which aims to restore redox
homeostasis [33–36].

One main feature of Nrf2 activation is the up-regulation of its
target genes that involved in: (1) Glutathione (GSH) homeostasis
such as: cysteine uptake transporter (xCT) [37], glycine uptake trans-
porter (Gly1) [38], and the rate limiting enzyme of GSH synthesis;
γ-glutamylcysteine ligase catalytic and modulatory subunits (γ-GCL-c
and γ-GCL-m, respectively) [39,40]. (2) Antioxidant and detoxification
such as: heme oxygenase 1 (HO-1) [41,42], ferritin heavy chain
(FTH) [43], and NADPH-Quinone oxidoreductase 1 (NQO1) [44,45].
(3) NADPH homeostasis such asmalic enzyme (ME1) [38,46]. (4) Stress
response such as activating transcription factor 3 (ATF3) [47].

In the present study, we have tested the effects of UCB on Nrf2 path-
way in SH-SY5Y cells and the changes in gene expression, with focus on
antioxidant/stress response genes. We have also investigated the genes
induced by UCB at Nrf2 dependent manner and the signaling pathways
involved in Nrf2/HO-1 pathway activation.

2. Materials and methods

2.1. Cells culture and UCB treatment

SH-SY5Y cells were maintained in EMEM/F12 1:1 supplemented
with 15% fetal bovin serum (FBS), 1% penicillin streptomycin solution
(100 U/mL penicillin, 100 mg/mL streptomycin), 2 mM L-glutamine
and 1% non-essential amino acids (Sigma Aldrich, USA). HepG2 cells
were maintained in DMEM supplemented with 10% FBS and 1% penicil-
lin streptomycin solution and 1% glutamine. The concentration of UCB
required to reach the desired Bf concentration (140 nM)was calculated
according to protocol by Roca et al. [48] obtained by adding a stock
solution of UCB in DMSO in the medium and verified spectrophotomet-
rically at 468 nm. Control experimentswere performed by exposing the
cells to the same final concentration of DMSO in the medium. Cells
treatedwith tBHQ (SigmaAldrich, USA), a potent activator of Nrf2 path-
way, were used as a positive control [36]. tBHQwas dissolved in DMSO:
PBS (1:10) and added to a final concentration in the medium.

2.2. Determination of intracellular ROS level

The intracellular ROS accumulation after UCB treatment was
determined using the 2′7′-dichlorofluorescein diacetate (DCFH-DA)
compound. 60.000 cells/cm2 were seeded in 6 multi-well plates and
grown to 70% confluence. Cells were pre-treated for 15 min with
10 μM DCFH-DA diluted in serum free medium with 25 mM Hepes,
and exposed to a 140 nM Bf for 1 h. Cells treated with 0.6% DMSO or
0.2 mMH2O2 were used as negative and positive controls, respectively.
At the end of the treatment, cells were washed with PBS, detached by
trypsinization and re-suspended in PBS for FACS analysis. The intensity
of fluorescence was measured with a BD FACS Callibur (Becton
Dickinson, Franklin Lakes, NJ, USA) and analyzed with CellQuest Pro
software.

2.3. Nuclear protein extractions, quantification, and Western blot analysis

SH-SY5Y cells at 80% confluence were treated with 140 nM Bf
(equivalent to 30 μM UCB) in a time dependent manner for 1 h, 3 h,
6 h, and 24 h, with 50 μM tBHQ for 3 h, and with 0.6% DMSO for 3 h.
Please cite this article as: M. Qaisiya, et al., Cellular Signalling (2013), http
O
F

Nuclear extracts were obtained using a minor modification of Dignam's
method [49] aswe described previously [19]. Protein contentwas deter-
mined by the Bicinchoninic Acid Protein Assay (BCA) using bovine
serum albumin as standard [50]. Purity of cytoplasmic-nuclear protein
extracts were analyzed by SDS-PAGE usingαP84 nuclearmatrix protein
marker antibodies (Abcam Inc., Cambridge, MA, USA) (data not shown).
Rabbit polyclonal anti-Nrf2 antibody (Santa Cruz Biotechnology Inc.,
USA) was used to detect Nrf2 by SDS–PAGE in 10% acrylamide gel.
The actin expression was assessed using rabbit polyclonal anti-actin
antibodies (Sigma Aldrich, USA). Anti-rabbit HRP-conjugated (Dako
laboratories, Denmark)wasused as secondary antibody. Theperoxidase
reaction was obtained using ECL-Plus Western Blotting detection
system solutions (Amersham–PharmaciaBiotech, UK). For HepG2
experiment, cells at 80% confluence were treated with 100 μM UCB
for 1 h, 3 h, 6 h, and 24 h with 100 μM tBHQ for 3 h, and with 1.8%
DMSO for 3 h. Nuclear proteins extraction and Western blot were per-
formed as described above. The optical density of protein bandswas an-
alyzed using the NIH Image software (Scion Corporation Frederick, MD,
USA), normalized toα-actin protein density, and represented as protein
relative expression.
E
D
 P

R2.4. RNA extraction and reverse transcriptase-real time PCR (qRT-PCR)

SH-SY5Y cells at 80% confluence were exposed to the following
experimental conditions: 0.6% DMSO or 140 nM Bf for 4 h, 8 h, 16 h,
and 24 h. Total RNAwas isolated using EuroGOLD RNAPure™ according
to themanufacture's suggestions (Euro Clone, Italy). The total RNA con-
centration and purity were quantified by spectrophotometry (DU®730,
Beckman Coulter, Milan, Italy). For each samples, the A260/A280 ratio
between 1.6 and 2.0 was considered as good RNA quality. cDNA was
obtained from 1 μg of purified RNA using the High Capacity cDNA
Reverse Transcription Kits (Applied Biosystems, USA) according to the
manufacture's suggestions. The reaction was run in a thermalcycler
(Gene Amp PCR System 2400, Perkin-Elmer, Boston, MA, USA) follow-
ing the reaction protocol proposed by the manufacturer. qPCR was per-
formed according to the iQ SYBRGreen Supermix (Bio-Rad Laboratories,
Hercules, CA, USA) protocol. PCR amplification was carried out in 25 μL
reaction volume containing 25 ng of cDNA, 1× iQ SYBR Green Supermix
(100 mM KCl; 40 mM Tris-HCl; pH: 8.4; 0.4 mM each dNTP; 40 U/mL
iTaq DNA polymerase; 6 mMMgCl2; SYBR Green I; 20 mM fluorescein;
and stabilizers) (Bio-Rad) and 250 nM of gene specific forward and
reverse primers. qPCR reaction was run in IQ5 real time PCR system
(Bio-Rad). Primer sequences designed using Beacon Designer 4.02 soft-
ware (PREMIER Biosoft International, Palo Alto, CA, USA) are listed in
(Table 1). Cycling parameters were determined and the results were
://dx.doi.org/10.1016/j.cellsig.2013.11.029

ncbi-n:NM_001498.3
ncbi-n:NM_002061.2
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analyzed by using the comparative Ct method as the means of relative
quantification, normalized to two references genes (GAPDH and
HPRT) and expressed as 2−ΔΔCT. Melting curve analysis was performed
to assess product specificity.

2.5. Cell transfection and ARE-GFP reporter gene assay

The Cignal™ Antioxidant Response Reporter Kit (SABiosciences;
Frederick, MD, USA) utilizes Monster Green Fluorescence protein
(GFP) under the control of ARE enhancers (ARE-GFP construct) was
used to monitor the signal activation of ARE through Nrf2 according to
handbook instructions. A constitutively expressing GFP construct
(CMV-GFP) was used to set transfection conditions and efficiency. A re-
porter gene under the control of basal promoter element (TATA-GFP)
was used as negative control. The GFP fluorescence intensity was
analyzed by fluorescence microscope (Nikon eclipse TS100, Nikon in-
struments Europe B.V., Netherlands) (excitation filter 470 ± 20 nm
and emission filter 515 nm). GFP signal was quantified using flow
cytometry FACS Calibur of an argon laser (488 nm excitation and filter
530 ± 15 emission) and analyzedwith CellQuest Pro software. Percent-
age of GFP positive cells was calculated by dot blot show the side
scattered detector-highet (SSC-H) blotted with GFP fluorescence
detector-highet (FL1). Percentage of fluorescence in negative controls
was considered as basal auto fluorescence value. Constructs were tran-
siently transfected into SH-SY5Y cells using Lipofectamine™ Reagent
(Invitrogen; Merelbeke, Belgium) according to the manufacturer's
recommendation. The best conditions were obtained when cells are
transfected at 80% confluent with 0.8 μg DNA: 3 μL lipofectamin in
Opti-MEM® I reduced serum medium (Invitrogene, Italy) for 6 h.
Medium was replaced with fresh complete medium for additional
24 h. Transfection efficiency obtained was 50–60% calculated by FACS
analysis after 48 h post-transfection (data not shown). For treatment
experiments, cells were transfected with proper construct (ARE-GFP
or TATA-GFP) for 24 h then incubated with assay medium containing
1% FBS for additional 8 h. 32 h post-transfection, cells were treated
with 50 μM tBHQ or 140 nM Bf for 24 h and stimulation was allowed
to proceed for additional 16 h before analysis.

2.6. Nrf2 siRNA

The experimentally validated Nrf2 siRNA (SI03246950, Qiagen, USA)
was used to knockdown Nrf2 expression. siRNA against non target
mRNA was used as negative control (1027310, Qiagene). siRNA was
transfected using siLentFect™ Lipid reagent (Bio-Rad) according to the
manufacturer's recommendation. SH-SY5Y cells at 60% confluence
were transfectedwith 50 nMof siRNA in the presence of 3 μL siLentFect
reagent for 48 h and siRNA efficiency was analyzed by qRT-PCR. For
treatment experiments, after 48 h siRNA transfection the cells were
treated with 0.6% DMSO or 140 nM Bf for additional 24 h and genes ex-
pressionwere analyzed by qRT-PCR. For viability assay, cells transfected
with siRNA were pre-treated or not-treated with 0.1 mM BSO for 2 h,
followed by incubation with 0.6% DMSO, or 0.2 mM H2O2, or 140 nM
Bf for additional 24 h (BSO was maintained during incubation time),
and cells viability were determined by 3(4,5-dimethylthiazolyl-2)-2,5
diphenyl tetrazolium (MTT) assay [51].

2.7. NAC treatment and applying of signaling pathways inhibitors

SH-SY5Y cells at 80% of confluencewere pre-treated for 1 hwith ex-
ogenous antioxidant NAC (0.5 mM) or with specific signaling pathway
inhibitors: PI3K inhibitor LY-294002 (10 μM),MEK1/2 (orMAPK kinase
2) inhibitor PD 98059 (20 μM), c-JunNH2-terminal kinases (JNK) inhib-
itor SP 600125 (10 μM), p38α (or MAPK14) inhibitor SB 203580
(10 μM) and PKC inhibitor GF 109203X (10 μM). Concentration of in-
hibitors was used as described by others [52]. Beside the GF 109203X
which was purchased from Cyaman Chemicals (Italy), all other
Please cite this article as: M. Qaisiya, et al., Cellular Signalling (2013), http
inhibitors were obtained from Selleckchem (Italy). After 1 h, cells
were exposed to 0.6% DMSO or 40 nM Bf (negative control) or
0.2 mM H2O2 (positive control) or 140 nM Bf for additional 16 h in
the presence or absence of NAC or specific inhibitors (NAC and specific
inhibitors were maintained during incubation time). The expression of
HO-1 was analyzed by qRT-PCR.
2.8. Statistics

Data were obtained from at least three independent experiments
and are expressed as mean ± SD. Statistical analysis was performed
using student's t-test. P b 0.05 was considered as significant.
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F3. Results

3.1. UCB increases ROS, up-regulates Nrf2 mRNA and enhances nuclear
accumulation of Nrf2 protein

Previous studies from our group established the neuroblastoma
SH-SY5Y cells as a suitable cellular model to study themolecular mech-
anisms of UCB induced neurotoxicity [53]. In the present work we
observed an increased level of intracellular ROS in cells treated with
140 nM Bf (1.9 folds) as compared to those treated with 0.6% DMSO
for 60 min; cells treated with 0.2 mM H2O2 for 60 min (1.5 folds)
were used as positive control (Fig. 1A). As ROS is a direct activator of
Nrf2 pathway, we investigated whether UCB-mediated ROS generation
also activates Nrf2 pathway. SH-SY5Y cells treated with 140 nM Bf
(equivalent to 30 μM UCB) showed an up-regulation of Nrf2 mRNA
expression after 8 h maintained until 16 h (1.7 fold and 2.2 folds,
respectively). This up-regulation disappeared after 24 h indicating the
transient induction of theNrf2 gene (Fig. 1B).WhenNrf2 proteins trans-
location was measured by Western blot analysis, a nuclear accumula-
tion of Nrf2 protein (100 KDa) was found after Bf treatment with a
peak increment between 3 h (4.7 folds) and 6 h (6.6 folds); the return
to basal occurred at 24 h (0.7 fold). 50 μM of tBHQ, an Nrf2 activator
used as positive control, also increased the nuclear accumulation (4.3
folds) of Nrf2 proteins after 3 h of treatment while cells incubated
with 0.6% DMSO for 3 h show no bands for the protein (Fig. 1C and
D). When similar experiments were performed on HepG2 cells, the
exposure to 100 μM UCB showed a time dependent increase of nuclear
Nrf2 proteins starting after 1 h with a maximum between 3 h (2 folds)
to 6 h (3.9 folds) and the return to basal level at 24 h. 100 μM of tBHQ
increased Nrf2 nuclear proteins after 3 h of treatment (2.3 folds)
while no nuclear proteins were detected in cell incubated with 1.8%
DMSO (Fig. 1E and F).
3.2. UCB induces ARE-GFP reporter gene expression in SH-SY5Y cells

To confirm that the accumulated nuclear Nrf2 protein is transcrip-
tionally active toward ARE, a reporter gene composed of GFP under
the control of ARE cis-elements repeats was used. SH-SY5Y cells
transfected with ARE-GFP constructs were treated with 0.6% DMSO
(negative control), 50 μM tBHQ (positive control), or 140 nM Bf
(Fig. 2A). Green fluorescence protein (GFP) was detected by immuno-
fluorescence microscopy (IF) in cells treated with tBHQ and Bf while
no signal was detected in DMSO-treated cells (Fig. 2A. upper panel).
The percentage of GFP positive cells quantified by FACS analysis 35% in
tBHQ and 46% in Bf treated cells, compared to 5% (basal fluorescence)
in DMSO treated cells (Fig. 2A. lower panel). Cells transfected with
TATA-GFP constructs treated with 50 μM tBHQ (negative control)
showed 7% of basal fluorescence while cells transfected with CMV-GFP
constructs showed 80% of GFP positive, were used as positive controls
for GFP signal (Fig. 2B).
://dx.doi.org/10.1016/j.cellsig.2013.11.029
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Fig. 1. UCB increases oxidative stress and enhances nuclear accumulation of Nrf2 protein. (A) Intracellular ROS level in SH-SY5Y cells treated with 0.6% DMSO (control), 140 nM Bf, and
0.2 mMH2O2 (positive control) for 1 h. (B) Relative expression ofNrf2mRNA in SH-SY5Y cells treatedwith 140 nMBf or vehicle (0.6%DMSO) at indicated times. (C) RepresentativeWest-
ern Blot of Nrf2 (100KDa) andα-actin (42KDa) proteins in nuclear extracts from SH-SY5Y cells treated with 0.6% DMSO for 3 h (negative control), 50 μM tBHQ for 3 h (positive control),
and 140 nM Bf (30 μM UCB) for 1 h, 3 h, 6 h, and 24 h. (D) Protein quantification: the optical density of Nrf2 protein was normalized to the density of α-actin protein and reported as
relative expression to cells incubated with 140 nM Bf for 1 h. Quantification is the mean of three independent experiments (**P b 0.01; ***P b 0.001). (E) Representative Western Blot
of Nrf2 (100KDa) and α-actin (42KDa) proteins in HepG2 cells treated with 1.8% DMSO for 3 h (negative control), 100 μM tBHQ for 3 h (positive control), and 100 μM UCB for 1 h,
3 h, 6 h, and 24 h. (F) Protein quantification: the density of Nrf2 protein was normalized to the density of α-actin protein, and represented as the relative expression to cells incubated
with 100 μM UCB for 1 h. Quantification is the mean of three independent experiments.

Fig. 2.UCB activates Nrf2 pathway and induces expression of ARE-GFP reporter gene in SH-SY5Y cells. (A) Cells transfectedwith ARE-GFP reporterwere treatedwith 0.6% DMSO (control),
or 50 μM tBHQ (positive control), or 140 nM Bf for 24 h (left panel). After 40 h of stimulation, GFP signal was visualized by immunofluorescence microscopy (IF, upper panel) and
quantified using FACS analysis (Dot blot histogram show the side scattered detector-highet (SSC-H) blotted with GFP fluorescence detector-highet (FL1)) (lower panel). Microscope
magnification: objective 20×. (B) Cells transfected with negative control (TATA-GFP) show a low percentage of basal fluorescence, while cells transfected with (CMV-GFP) were used
as positive control for GFP signal.
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3.3. mRNA expression of Nrf2 target genes in SH-SY5Y cells treated
with UCB

In order to correlate theNrf2 pathway activationwithmRNA expres-
sion of its target genes, qRT-PCR analysis was performed. Datawere col-
lected in a time dependent manner (4, 8, 16, and 24 h) to investigate
both early (4 to 8 h) and late (16 to 24 h) response genes. Compared
to DMSO control, cells treated with 140 nM Bf showed a significant
up-regulation of mRNA expression of different genes as ATF3 (8 folds)
at 4 h; xCT (10 folds) and Gly1 (13 folds) at 8 h; γGCL-c (2 folds),
HO-1 (30 folds), and NQO-1 (2 folds) at 16 h; γGCL-m (3 folds), FTH
(3 folds), and ME1 (2.5 folds) at 24 h (Table 2).

3.4. Effects of Nrf2 siRNA on genes induction and cell viability upon UCB
exposure

To identify the genes up-regulated by UCB at Nrf2 dependent man-
ner, we used specific siRNA to knockdown Nrf2 mRNA expression.
50 nM Nrf2 siRNA down-regulated Nrf2 mRNA to about 60% as com-
pared to 50 nM control siRNA (Fig. 3A). After 48 h of transfection,
cells were treated with 0.6% DMSO or 140 nM Bf for additional 24 h
for gene analysis. The functionality of Nrf2 siRNA was confirmed by
analyzing the basal expression of HO-1 and NQO1, which were reduced
by Nrf2 siRNA to about 40% in DMSO-treated cells (Fig. 3B and C). Upon
UCB exposure, the induction of HO-1 was decreased by 75% (Fig. 3B)
and that of NQO1 by 54% (Fig. 3C) in the Nrf2 siRNA transfected cell as
compared to control siRNA. Interestingly, even though no change on
the basal expression of FTH was observed, the induction of FTH was re-
duced by 40% (Fig. 3D). No change was detected in xCT, Gly1, γGCL-c,
γGCL-m, ME1, and ATF3 expressions at basal or UCB-induced state
(data not shown).

To test whether Nrf2 siRNA affects cell viability upon UCB exposure,
cells transfected with control siRNA or Nrf2 siRNA were treated with
DMSO 0.6%, 0.2 mM H2O2 (positive control) or 140 nM Bf for 24 h;
cell viability was assessed by MTT assay. In control siRNA transfected
cells 0.2 mM H2O2 and 140 nM Bf reduced cell viability to 71% and
68%, respectively. Nrf2 siRNA further reduced cell viability to 51%
upon H2O2 exposure while no change was detected in Bf treated cells.
(Fig. 4, left panel).

We hypothesize that the cells were able to maintain redox state
through the induction of Nrf2-independent genes mainly those in-
volved in GSH homeostasis. siRNA transfected cells were pre-treated
with 0.1 mM BSO (a specific inhibitor for γGCL) for 2 h followed by
exposure to 0.6% DMSO, 0.2 mM H2O2, or 140 nM Bf for additional
24 h. In Nrf2 siRNA transfected cells, BSO treatment further reduced
cell viability to 36% and 43% after exposure to 0.2 mM H2O2 and
140 nM Bf as compared to 66% and 70% in control siRNA (Fig. 4, right
panel). Cells transfected with control siRNA or Nrf2 siRNA, incubated
U
N
C

Table 2
mRNA expression of Nrf2 target genes candidate.

mRNAa Early response

Genes 4 h 8 h

0.6% DMSO 140 nM Bf 0.6% DMSO 140 nM Bf

γGCL-c 1 1 ± 0.1 1.2 ± 0.2 1.1 ± 0.1
γGCL-m 1 1 ± 0.1 1 ± 0.4 1.2 ± 0.3
xCT 1 3 ± 2 1.1 ± 0.7 10 ± 3*
Gly1 1 1.6 ± 0.3 2 ± 1.3 13 ± 3*
HO-1 1 1.6 ± 0.3 1.7 ± 0.7 3.9 ± 1.8
FTH 1 1 ± 0.1 0.8 ± 0.3 0.8 ± 0.2
NQO-1 1 1 ± 0.4 1 ± 0.3 1 ± 0.4
ME1 1 1 ± 0.2 0.9 ± 0.3 1.3 ± 0.1
ATF3 1 8 ± 2.5** 1.8 ± 1.4 39 ± 11**

a Values represented relativemRNA expressions of Nrf2 target genes candidate (γGCL-c, γGC
or 140 nM Bf for 4 h, 8 h, 16 h and 24 h. Statistically significant (*P b 0.05, **P b 0.01, ***P b 0
normalized to housekeeping genes and expressed as relative to cells treated with 0.6% DMSO a

Please cite this article as: M. Qaisiya, et al., Cellular Signalling (2013), http
with BSO and treated with 0.6% DMSO were used as controls and
showed about 95% and 90% of cell viability, respectively, (not significant
compared to cells not treated with BSO (100%) (Fig. 4).
F

3.5. HO-1 induction by UCB involves oxidative stress

Among the different genes analyzed, HO-1 was highly induced by
140 nM Bf treatment and its expression was mainly dependent on
Nrf2. In order to clarify the contribution of OS in the activation of
Nrf2/HO-1 axis, SH-SY5Y cells were pre-treatedwith exogenous antiox-
idant (0.5 mM NAC) before Bf exposure. HO-1 mRNA expression was
induced 3 folds in SH-SY5Y cells treated with 0.2 mM H2O2 (positive
control), but only 1.5 folds in the presence of NAC. Similarly, HO-1
mRNA expression was induced 25 folds by 140 nM Bf treatment and
10 folds in the presence of NAC. Cells treated with 0.6% DMSO or
0.5 mM NAC or with a non-toxic concentration of Bf (40 nM) were
used as controls (Fig. 5).
D
 P

R
O3.6. HO-1 induction involves activation of different stress response

protein kinases

To investigate the upstream signaling pathway(s) involved in Nrf2/
HO-1 induction by Bf, the same approachwas proceeded using different
inhibitors. Results demonstrated that the HO-1 mRNA expression was
45 folds induced in cells treated with 140 nM Bf respect to controls,
while the induction was reduced to 9 folds, 27 folds, and 34 folds in
the presence of PKC, P38α, and MEK1/2 inhibitors, respectively
(Fig. 6). The expression was not changed using inhibitors for JNK and
PI3K pathways.
E

4. Discussion

Cell response to oxidative stress (OS) mainly depends by cell type,
the nature of toxic compound, and the outcome of signaling pathways.
OS induces multiple cellular signal transduction (sensors) that deter-
mine cell fate. Cells unable to restore homeostasis proceed to apoptosis
while cell survival depends on the ability of cells to restore homeostasis
and resist the stress. This iswhymammalian cells have developed redox
sensitive proteins that aim to restore cellular redox state and provide
cell survival [54,55]. Among all, Nrf2 pathway represents the primary
response to OS and has attracted attention as a promising target
to counteract neurological diseases due to its potent ability to up-
regulate cytoprotective enzymes [35,56–58]. The molecular mecha-
nisms of UCB induced neurotoxicity are still incompletely elucidated.
However, changes of cellular redox state by UCB appear to play an
important role in mediating cell damage.
Late response

16 h 24 h

0.6% DMSO 140 nM Bf 0.6% DMSO 140 nM Bf

1.2 ± 0.2 2 ± 0.2** 1.5 ± 0.1 1.4 ± 0.5
0.9 ± 0.2 3 ± 0.3*** 1 ± 0.3 3 ± 0.8*
0.8 ± 0.5 20 ± 2.2*** 0.8 ± 0.2 8 ± 0.8**
1 ± 0.1 13 ± 4.8*** 1.2 ± 0.3 14 ± 2.5**
1 ± 0.6 30 ± 7.5** 1 ± 0.5 32 ± 8.2**
1 ± 0.2 1.9 ± 0.7 1 ± 0.3 3 ± 0.6*
1 ± 0.3 2 ± 0.6* 1 ± 0.5 5 ± 0.6***

0.9 ± 0.2 1.7 ± 0.4 1.2 ± 0.1 2.5 ± 0.1***
1 ± 0.3 42 ± 8** 1 ± 0.3 31 ± 5***

L-m, xCT, Gly1, HO1, FTH, NQO1,ME1, and ATF3) in SH-SY5Y cells treatedwith 0.6% DMSO
.001) up-regulations were underlined and highlighted in bold. The mRNA expression was
t the same time.
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4.1. Nrf2 activation in response to oxidative stress mediated by UCB

Wehave previously demonstrated the involvement of OS inmediat-
ing cell death by UCB in SH-SY5Y cells [20] but shown that the cell was
able to overcome UCB toxicity [53]. In the present study, we hypothe-
sized and explored if SH-SY5Y cells may undergo an adaptive response
against OS through Nrf2 pathway activation. An increased intracellular
level of ROS was detected in cells after 1 h of UCB treatment which
was associated with a rapid and early nuclear accumulation of Nrf2
and followed by an increase of Nrf2 mRNA expression. To confirm
whether the UCB-induced nuclear accumulation of Nrf2 is not restricted
to SH-SY5Y cells, we repeat the same experiment in HepG2 cells.
Hepatocytes represent a well-known model to study the molecular
mechanisms of cell resistance to UCB toxicity, and can tolerate a UCB
concentration three times higher than that causing neurotoxicty [59].
HepG2 cells treated with UCB increased the nuclear accumulation of
Nrf2 proteins and showed an up-regulation of HO-1 and NQO1 (data
not shown), suggesting the activation of Nrf2 pathway. A recent study
demonstrated that UCB causes nuclear translocation of Nrf2 protein in
U
N
C
O

Fig. 4. Nrf2 siRNA combined with BSO treatment sensitize SH-SY5Y cells to UCB toxicity. Cell v
panle) and without (left panel) pre-treatment of 0.1 mM BSO for 2 h (+BSO and −BSO, res
24 h (BSO was maintained during 24 h).
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 Pprimary culture of mouse hepatocytes [60]. The activation of Nrf2

pathway in hepatic derived cells is expected sincemanymembers of cy-
tochrome P450 (CYPs) were suggested to play a major role in bilirubin
oxidation [61,62]. Furthermore, CYP catalytic activity is the major sys-
tem for ROS generation [63] that may directly activate Nrf2 pathway
[64].

4.2. UCBmediates transcriptional activation of ARE and up-regulation of its
target genes candidate

To confirm Nrf2 pathway activation in SH-SY5Y cells we used a re-
porter gene assay of GFP under the control of ARE enhancer. GFP signal
was increased in response to UCB exposure indicating that the accumu-
lated nuclear Nrf2 protein was transcriptionally active toward ARE ele-
ment. In line with this observation, we detected an up-regulation of
several Nrf2 candidate genes upon UCB treatment. When we analyzed
these genes in terms of time of response, they may be divided into
two main categories: early (4 h–8 h) and late response (16 h–24 h).
As far as early genes, UCB mediated a sequential transcription starting
iability (MTT) in SH-SY5Y cells transfected with control siRNA or Nrf2 siRNA with (right
pectively) before 0.6% DMSO, or 0.2 mM H2O2, or 140 nM Bf exposure for additional of

://dx.doi.org/10.1016/j.cellsig.2013.11.029
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with the ATF3 up-regulation at 4 h and followed by the induction of
amino acid transporters at 8 h (xCT and Gly1). On the contrary, for
late genes, we observed up-regulation of the enzymes involved in GSH
synthesis (γGCL) and antioxidant/detoxification (HO-1, NQO1, FTH,
and ME1). These results indicated that the cells exposed to UCB aim to
restore cellular redox state through the induction of several antioxidant
response genes and that this response is time-related.

4.3. Nrf2 siRNA reduces the induction of only of HO-1, NQO1, and FTH and
by itself is not sufficient to increase cell sensitivity to UCB toxicity

Knockdown of Nrf2 mRNA led to reduced HO-1 and NOQ-1 induc-
tion by UCB indicating that Nrf2 is involved in the transcription
of these genes. On the contrary, Nrf2 silencing did not affect the
UCB-induced expression of ATF3, xCT, Gly1, γGCL and ME1 (data not
shown), suggesting that other signaling are involved in the transcrip-
tional regulation of these genes. It is possible that the reduction of FTH
induction by UCB was due to the down-regulation of HO-1 rather than
U
N
C
O

R
R

Fig. 6. Effects of different signaling kinases inhibitors on HO-1 induction by UCB. HO-1 mRNA ex
specific signaling pathway inhibitors: PKC (GF 109203X), MEK1/2 (PD 98059), p38α (SB 2035
incubated only with vehicles composed of 0.6% DMSO or specific chemical inhibitors alone.
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Rto the direct effect of Nrf2 siRNA, since FTH expression is usually coordi-
nated with HO-1 expression [65].

We also tested whether Nrf2 silencing affects the cell sensitivity to
oxidative damage induced by UCB. Nrf2 siRNA sensitized cells to H2O2

but not to UCB toxic effects, suggesting that other pathway(s)may com-
pensate the loss of Nrf2. One possible candidate is the GSH. Previous
studies demonstrated that resistance to GSH depletion involves
Nrf2/HO-1 activation [66], while increased levels of GSH reduced
Nrf2/HO-1 activation [67]. These data suggest a cross talk between
Nrf2/HO-1 and GSH cycle. We hypothesize that SH-SY5Y cells
transfected with Nrf2 siRNA were still able to maintain redox state
through GSH-homeostasis enzymes upon UCB exposure. Supporting
this hypothesis our previous results demonstrating that SH-SY5Y cells
exposed to UCB show an increased level of intracellular GSH [68]. In ad-
dition, the present data show that the induction of genes involved in
GSH homeostasis occurred at Nrf2-independent manner. When cells
transfected with siRNA were incubated with BSO (a specific inhibitor
for GSH synthesis), cells becamemore sensitive toUCB toxicity, pointing
pression after 16 h in SH-SY5Y cells treated with 140 nM Bf in the absence or presence of
70), JNK (SP 600125), and PI3K (LY-294002). Relative expression was normalized to cells

://dx.doi.org/10.1016/j.cellsig.2013.11.029
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to the involvement of both Nrf2 and GSH in cellular redox homeostasis
upon UCB exposure.

4.4. Oxidative stress and PKC are the major signaling involved in the
activation of Nrf2/HO-1 axis

Our results showed that HO-1 was highly induced by UCB and its
induction was mainly dependent on Nrf2. This allowed us to identify
the up-stream molecular mechanisms involved in Nrf2/HO-1 axis
activation. HO-1 is a sensitive and fairly ubiquitous marker for OS
[69–71]. When OS was reduced by treating cells with NAC (a glutathi-
one precursor), a down-regulation of HO-1 expressionwas observed in-
dicating the involvement of OS in Nrf2/HO-1 activation. Furthermore,
HO-1 is widely accepted as a bona fide to detect the activated signaling
pathways upon OS [72,73]. However, cells type and nature of chemical
inducer determine the specific activation of certain protein kinases
[54,74]. Limited information is available regarding the signaling path-
ways activated by UCB and their contribution in mediating neuronal
cell survival or toxicity. The maximal reduction of HO-1 induction
(80%) in SH-SY5Y cells treated with PKC inhibitor suggest that this
signaling is the main pathway involved in HO-1 induction by UCB. The
reduction of HO-1 induction by P38α (40%), and MEK-ERK1/2 (25%)
inhibitors further indicated the activation of these signaling pathways
by UCB and their partial contribution in HO-1 induction, while PI3K
and JNK signaling appeared not to be involved in HO-1 induction by
UCB.

4.5. ATF3 up-regulation represents the earliest response to UCB toxicity

From the present data, it is evident that ATF3 up-regulation at 4 h
represents the earliest response to UCB exposure an occurred at Nrf2 in-
dependentmanner. This gene is induced by several stimuli [75] and is a
putative marker of ER stress [76]. ATF3 together with other ER stress
biomarkers (ATF4 and CHOP) are induced in coordination with mecha-
nisms requiring the phosphorylation of eIF2α by activated PERK [76,77].
We previously demonstrated that activation of ER stress components is
themain responsemediated byUCB in SH-SY5Y cells butwere unable to
detect an early response (4 h) bymicroarray approach [53]. By themore
sensitive qRT-PCR analysis we detected an up-regulation of ER stress
Please cite this article as: M. Qaisiya, et al., Cellular Signalling (2013), http
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biomarkers upon UCB exposure at 4 h (ATF4, 2 fold, and CHOP, 6
folds) followed at 8 h by XBP1 (11 folds), ATF6 (2 folds), and GRP78
(4 folds (data not shown). In addition, our data suggest that ER stress
(via PERK activation) represents the earliest response to UCB toxicity
in SH-SY5Y cellular model. Since PERK activation leads to Nrf2 pathway
activation under ER stress [32], we can hypothesize that ER stressworks
synergistically to activate Nrf2 pathway by UCB. A logic scenario may
include calcium release under ER stress, generation of ROS [78], and
activation of PKC/Nrf2/HO-1 pathway [79].

We have previously reported that UCB treatment causes a reduced
progression of the cell through S-phase associated to increased cell
death by apoptosis [20]. We hypothesize that these two events
are linked to ER stress and to the oxidative damage that mediates
CHOP expression (linked to apoptosis) and translation inhibition (phos-
phorylation of eIF2α, loss of cyclin D1 protein, and cell cycle arrest).

In summary, we demonstrated that SH-SY5Y cells undergo an adap-
tive response - against UCB induced OS - through activation of multiple
antioxidant response, in part viaNrf2 pathway (Fig. 7). Our data indicate
the activation of endogenous antioxidants as a fundamental system to
reduce UCB toxicity involved OS and ER stress in SH-SY5Y cells.
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