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a b s t r a c t

Batten disease (BD) is the most common form of a group of disorders called neuronal ceroid lipofuscino-
sis, which are caused by a CLN3 gene mutation. A variety of pathogenic lysosomal storage disorder mech-
anisms have been suggested such as oxidative stress, endoplasmic reticulum (ER) stress, and altered
protein trafficking. Resveratrol, a stilbenoid found in red grape skin, is a potent antioxidant chemical.
Recent studies have suggested that resveratrol may have a curative effect in many neurodegenerative dis-
eases. Therefore, we investigated the activities of resveratrol at the levels of oxidative and ER stress and
apoptosis factors using normal and BD lymphoblast cells. We report that the BD lymphoblast cells con-
tained low-levels of superoxide dismutase-1 (SOD-1) due to the long-term stress of reactive oxygen spe-
cies. However, when we treated the cells with resveratrol, SOD-1 increased to levels observed in normal
cells. Furthermore, we investigated the expression of glucose-regulated protein 78 as an ER stress marker.
BD cells underwent ER stress, but resveratrol treatment resolved the ER stress in a dose-dependent man-
ner. We further demonstrated that the levels of apoptosis markers such as apoptosis induce factor, cyto-
chrome c, and cleavage of poly (ADP)-ribose polymerase decreased following resveratrol treatment. Thus,
we propose that resveratrol may have beneficial effects in patients with BD.

� 2011 Elsevier Inc. All rights reserved.
1. Introduction

Neuronal ceroid lipofuscinoses (NCLs) are lysosomal storage
disorders that occur with an incidence of approximately 1 in
12,500 live births [1–4]. Based on the onset age of clinical symp-
toms, NCLs are classified into four major subtypes: infantile (INCL),
late-infantile (LNCL), juvenile (JNCL), and adult types [4]. Batten
disease (BD), or JNCL, is the most common of the NCLs and is some-
times used as the term for all forms of NCL. BD is an inherited dis-
order characterized by neurodegeneration, usually with retinal
degeneration at 5–7 years of age, due to a CLN3 gene mutation [5].

Oxidative stress has been implicated in the progression of BD
[5] as with Parkinson’s disease, Alzheimer’s disease, and amyotro-
phic lateral sclerosis [6]. Oxidative stress alters the antioxidant de-
fense system by regulating the expression of antioxidant enzymes
such as superoxide dismutase-1 (SOD-1) [7]. Recently, it was
ll rights reserved.
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reported that brain cells in an INCL model undergo endoplasmic
reticulum (ER) stress [8] and show elevated levels of glucose-
regulated protein 78 (GRP78/BiP), which can be used as an ER
stress marker [9]. Oxidative stress mediated by reactive oxygen
species (ROS) can directly induce ER stress as well as mitochon-
drial and nuclear damage, leading to apoptosis [10]. Further, INCL
cells cleave poly ADP-ribose polymerase (PARP), a compelling sign
of apoptosis.

Because oxidative damage is related to neurological complica-
tions, antioxidants have been used as therapeutics for neurodegen-
erative disease. Resveratrol, a stilbenoid found in grapes and red
wine, is one of the most potent antioxidant chemicals and has been
studied for its beneficial effects in neurodegenerative diseases
[7,11,12]. Furthermore, resveratrol is protective against the apop-
totic cascade induced by 1-methyl-4-phenylpyridinium oxidative
stress by acting on apoptosis-inducible factor (AIF) and cyto-
chrome c [13].

In this report, we investigated the possibility that resveratrol
acts on BD lymphoblast cells to alleviate the pathogenic conditions
of BD. We treated BD cells with resveratrol and examined the
expression levels of SOD-1, the ER stress marker GRP78/BiP, and
the apoptosis markers AIF, cytochrome c, and PARP [9].
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Fig. 1. Western blot analysis for superoxide dismutase-1 (SOD-1) in cultured
normal and Batten disease (BD) lymphoblast cells. (A) SOD-1 protein in normal cells
treated for 24 h with resveratrol. (B) Western blot analysis for the SOD-1 protein in
BD cells treated with resveratrol for 24 h. b-actin was used as the loading control.
Cont (control: DMSO). Densitometric analysis of the SOD-1 protein (bottom) was
performed using the SOD-1 protein to b-actin ratio. Each result represents the
mean ± SD of three experiments performed in triplicate; ⁄p < 0.05, ⁄⁄p < 0.001.
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2. Materials and methods

2.1. Cell lines and culture conditions

The cells used were lymphoblast cell lines from controls (Amer-
ican Type Culture Collection, Rockville, MD, USA) and from patients
with BD (Coriell Institute for Medical Research). Cells were cul-
tured in RPMI-1640 medium (Hyclone; ThermoScientific, Rockford,
IL, USA) supplemented with 10% (v/v) heat-inactivated fetal bovine
serum (Gemcell; Gemini BioProducts, West Sacramento, CA, USA),
100 unit/ml penicillin-streptomycin (Hyclone), 1% L-glutamine
(Well Gene Inc., Seoul, South Korea) in 100 mm dishes (SPL Life Sci-
ence, Seoul, South Korea) in a CO2 incubator (Thermo Scientific) at
1–2 � 106 cells/ml.

2.2. Western blot analysis

Resveratrol (Sigma Aldrich, St. Louis, MO, USA) was prepared by
dissolving it in DMSO (Sigma Aldrich). Normal and BD patient lym-
phoblast cells were treated with resveratrol (0.1, 1, or 10 lM) for
24 h. Proteins were extracted in a buffer (20 mM Tris–HCl [pH
7.5], 150 mM NaCl, 1 mM Na2EDTA, 1 mM EGTA, 1% NP-40, 1% so-
dium deoxycholate, 2.5 mM sodium pyrophosphate, 1 mM b-glyc-
erophosphate, 1 mM Na3VO4, and 1 lg/ml leupeptin) containing
protease-inhibitor cocktail (Sigma). Thirty micrograms of total pro-
tein from each sample were resolved by electrophoresis using 10%
SDS-polyacrylamide gels (Bio-Rad, Hercules, CA, USA) under dena-
turing and reducing conditions. Proteins were then transferred to
polyvinylidene fluoride membranes (Bio-Rad). The membranes
were blocked with 5% non-fat dry milk (Bio-Rad) and then sub-
jected to immunoblot analysis. The primary antibodies used were:
anti-SOD-1 (Abcam, Cambridge, MA, USA), anti-GRP78/BiP (Santa
Cruz Biotechnology, Santa Cruz, CA, USA), anti-AIF (Santa Cruz Bio-
technology), anti-cytochrome c (Abcam), anti-PARP (Cell Signaling
Technology, Danvers, MA, USA), and anti-b-actin (Sigma). The sec-
ondary antibodies used were goat anti-rabbit IgG-HRP and rabbit
anti-mouse IgG-HRP (Santa Cruz Biotechnology). Chemilumines-
cent detection was performed using the SuperSignal West Pico
Luminal/Enhancer Solution (Pierce, Rockford, IL, USA), according
to the manufacturer’s instructions.

2.3. Statistical analysis

Results are expressed as the mean of at least three determina-
tions ± standard deviation (SD). Statistical analyses were per-
formed using Student’s t-test and Microsoft Excel 2010 (p < 0.05).
*
*
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Fig. 2. Western blot analysis for the endoplasmic reticulum stress marker protein,
glucose-regulated protein 78 (GRP78/BiP) from cultured normal and Batten disease
(BD) lymphoblast cells. (A) GRP78/BiP protein in normal cells after a 24 h treatment
with resveratrol. (B) Western blot analysis for the GRP78/BiP protein in BD cells
treated for 24 h with resveratrol. b-Actin was used as the loading control. Cont
(control: DMSO). Densitometric analysis of the GRP78/BiP protein (bottom) was
performed using the GRP78/BiP protein to b-actin ratio. Each results represent the
mean ± SD of three experiments performed in triplicate; ⁄p < 0.05.
3. Results

3.1. BD cells downregulated SOD-1

Little is known about SOD-1 expression levels in patients with
neurodegenerative diseases. SOD-1 mutations can cause familial
amyotrophic lateral sclerosis [14–16] and oxidative stress can
damage the SOD-1 protein [15]. Thus, we examined SOD-1 expres-
sion levels to investigate the impact of oxidation conditions in BD
on the endogenous anti-oxidative system (Fig. 1). Decreased SOD-1
expression was observed in BD cells compared with that in normal
control cells.

3.2. Recovery of SOD-1 expression by resveratrol treatment

The SOD-1 protein was monitored by Western blot to determine
whether expression patterns changed following resveratrol treat-
ment. SOD-1 expression increased substantially in BD cells that
had been treated with resveratrol for 24 h with a peak at 1 lM,
compared with that in DMSO-treated control cells (Fig. 1).

3.3. Reduction in the expression of the ER stress marker protein GRP78/
BiP by resveratrol

GRP78/BiP, an ER stress marker, was monitored by Western blot
to determine whether expression patterns changed. Increased



D.-H. Yoon et al. / Biochemical and Biophysical Research Communications 414 (2011) 49–52 51
GRP78/BiP expression was observed in untreated BD cells com-
pared with that in normal control cells. GRP78/BiP expression de-
creased substantially in BD cells that had been treated with
resveratrol for 24 h (Fig. 2) compared with that in normal control
cells.
3.4. Impact of resveratrol on apoptosis marker expression in BD cells

Our results indicated that resveratrol treatment alleviated ER
stress in BD cells. This led us to postulate that resveratrol may
protect BD cells from the programmed cell death induced by ER
stress. Thus, the expression patterns of apoptosis marker proteins
were examined in resveratrol-treated BD cells. Overall, resveratrol
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Fig. 3. Western blot analysis for apoptosis inducible factor (AIF), cytochrome c, and
poly ADP-ribose polymerase (PARP) proteins in cultured normal and Batten disease
(BD) lymphoblast cells. (A) AIF protein in normal cells treated for 24 h with
resveratrol (upper panel). Cytochrome c protein in normal cells treated for 24 h
with resveratrol (middle panel). PARP protein in normal cells treated for 24 h with
resveratrol (low panel). (B) AIF protein in BD cells treated for 24 h with resveratrol
(upper panel). Cytochrome c protein in BD cells treated for 24 h with resveratrol
(middle panel). PARP protein in BD cells treated for 24 h with resveratrol (low
panel). b-Actin was used as the loading control. Cont (control: DMSO). Densito-
metric analysis of each protein (bottom) was performed using the AIF or
cytochrome c protein to b-actin ratio. Each result represents the mean ± SD of
three experiments performed in triplicate; ⁄p < 0.05.
treatment lowered the levels of apoptotic marker proteins (Fig. 3).
In particular, AIF expression in BD cells treated with 10 lM of
resveratrol decreased markedly compared with that in the low-
concentration samples and untreated controls at 24 h. Cytochrome
c and cleaved PARP expression in BD cells decreased significantly
in a dose-dependent manner following resveratrol treatment.
4. Discussion

Oxidative stress is linked with neurodegenerative conditions.
Cells have several defense and repair mechanisms against ROS,
which is toxic. However, the antioxidant enzymes SOD, catalase,
glutathione peroxidase, and glutathione reductase show reduced
activities in the brains of patients with AD and may contribute
to the pathogenic condition [17]. SOD-1 is a 32-kDa homodimer
with one copper- and one zinc-binding site and catalyzes the
disproportionation of superoxide to produce dioxygen and hydro-
gen peroxide [15]. Little data are available regarding the SOD
expression pattern in BD cells, but we found that SOD-1 enzyme
expression was below the normal level in BD cells.

We postulated that antioxidants are beneficial to BD cells, be-
cause antioxidants may be able to scavenge ROS and upregulate
endogenous antioxidants. Indeed, there is a report that resveratrol
upregulates SOD activity in the brains of healthy rats [18]. Here, we
used resveratrol and showed that the level of SOD-1 enzyme in BD
cells was elevated in a dose-dependent manner and that this trend
was more significant in BD cells than that in normal cells (Fig. 1).

ER stress is implicated in NCLs and may lead to BD pathogenesis
[8,9], but the mechanisms are poorly understood. Molecular chap-
erones, including GRP78/BiP, are a group of proteins that assist in
the proper folding of synthesized proteins in the ER [19]. Under
normal conditions, chaperones are expressed and maintained at
steady-state levels, but ER stress can increase protein marker
expression. Although resveratrol is a popular antioxidant, little is
known about its ability to ameliorate ER stress or BD. A recent re-
port on the effects of antioxidants [20,21] on ER stress led us to
study the possibility that resveratrol may have beneficial activities
against BD. We were able to show that ER stress clearly occurred in
BD cells (Fig. 2B) and that this was normalized by resveratrol in a
dose-dependent manner. These results suggest that resveratrol
stimulates the scavenging of ROS, which plays a role ameliorating
ER stress and downregulating GRP78/BiP.

Oxidative stress and enhanced ER stress can trigger intracellular
signaling pathways leading to apoptosis [22]. Because resveratrol
increased antioxidant enzymes and reduced ER stress in BD cells,
we investigated the expression levels of apoptosis related mole-
cules. The molecular mechanisms of the apoptosis cascades include
pro-apoptotic proteins such as AIF and cytochrome c [23]. We
determined that AIF, cytochrome c, and cleaved PARP were detect-
able in BD cells as a sign of apoptosis but were diminished by res-
veratrol treatment.

Some antioxidants are unstable in culture media and readily
undergo oxidation to generate products such as H2O2 [24–27]. Be-
cause H2O2 has cellular effects, researchers should be aware of the
side effects of H2O2. Resveratrol did not generate H2O2 but was par-
tially unstable in DMEM media [27]. We adopted the same incuba-
tion time (24 h) in RPMI media throughout the study to minimize
artifacts. It will be necessary to address artifacts in antioxidant
studies of BD cell cultures in a future study.

We identified resveratrol as a BD cell protective agent. Resvera-
trol-mediated induction of antioxidant enzymes and the reduction
in ER stress may be associated with decreased expression of pro-
apoptotic markers in BD cells. More detailed signal transduction
and in vivo studies to unveil the underlying mechanism may lead
to the possibility of resveratrol therapy for patients with BD.
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