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A B S T R A C T

Alzheimer’s disease (AD) is a neurodegenerative and progressive disorder. The hallmark of pathological
AD is amyloid plaque which is the accumulation of amyloid β (Aβ) in extracellular neuronal cells and
neuroﬁbrillary tangles (NFT) in neuronal cells, which lead to neurotoxicity via reactive oxygen species
(ROS) generation related apoptosis. Loss of synapses and synaptic damage are the best correlates of cognitive decline in AD. Neuronal cell death is the main cause of brain dysfunction and cognitive impairment.
Aβ activates neuronal death via endoplasmic reticulum (ER) stress and mitochondria apoptosis pathway.
This study investigated the underlying mechanisms and effects of di-O-demethylcurcumin in preventing Aβ-induced apoptosis. Pretreatment with di-O-demethylcurcumin for 2 h, which was followed by Aβ2535 (10 μM) in human neuroblastoma SK-N-SH cells improved cell viability by using MTS assay and decreased
neuronal cell apoptosis. Pretreatment with di-O-demethylcurcumin attenuated the number of nuclear
condensations and number of apoptotic cells in Aβ25-35-induced group in a concentration-dependent manner
by using transmission electron microscope (TEM) and ﬂow cytometry, respectively. Di-O-demethylcurcumin
also increased the ratio of Bcl-XL/Bax protein, and reduced intracellular ROS level, cytochrome c protein
expression, cleaved caspase-9 protein expression, and cleaved caspase-3 protein expression. Additionally, di-O-demethylcurcumin treatment also reduced the expression of ER stress protein markers, including
protein kinase RNA like endoplasmic reticulum kinase (PERK) phosphorylation, eukaryotic translation
initiation factor 2 alpha (eIF2α) phosphorylation, inositol-requiring enzyme 1 (IRE1) phosphorylation,
X-box-binding protein-1 (XBP-1), activating transcription factor (ATF6), C/EBP homologous protein (CHOP),
and cleaved caspase-12 protein. CHOP and cleaved caspase-12 protein are the key mediators of apoptosis. Our data suggest that di-O-demethylcurcumin is a candidate protectant against neuronal death through
its suppression of the apoptosis mediated by mitochondrial death and ER stress pathway.
© 2014 Elsevier Ltd. All rights reserved.

1. Introduction
Alzheimer’s disease (AD) is a progressive neurodegenerative
disease of the central nervous system (CNS), affecting, generally,
elderly people. AD is one of the most common forms of dementia,
which is determined clinically by diagnosing for multiple cognitive deﬁcits including memory loss, emotional disturbance, etc.
(Hauptmann et al., 2006). The pathological hallmarks of AD are
amyloid plaques and neuroﬁbrillary tangles (NFT) (Hardy and Selkoe,
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2002; Selkoe, 2001) that cause loss of neurons and synapses in the
brain. Amyloid β (Aβ) is derived from the proteolytic cleavage of the
amyloid precursor protein (APP) by β- and γ-secretase enzymes, and
accumulate in the extracellular neuronal cells (Sisodia et al., 2001).
NFT is accumulated within the neurons as a result of abnormal phosphorylation of the microtubules-associated tau-protein. Recent
studies suggest that Aβ accumulation has been causatively implicated in the neuronal dysfunction and neuronal loss that underlie
the clinical manifestations of AD (Dante et al., 2003). Furthermore, several lines of research have suggested that Aβ exerts
neuronal toxicity through the production of reactive oxygen species
(ROS) (Behl et al., 1994; Butterﬁeld et al., 2007), which leads to neuronal apoptosis (Ramalingam and Kim, 2012) due to the involvement
of the mitochondrial death pathway and the endoplasmic reticulum (ER) stress (Takuma et al., 2005). ER is an intracellular organelle
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related to protein folding, intracellular calcium homeostasis, lipid
synthesis, steroids and cholesterol. Cellular conditions in ER, such
as depletion of calcium, alter glycosylation, and the oxidative stress
leads to unfolded protein. Unfolded protein accumulation in ER
lumen is termed as ER stress (Nakagawa et al., 2000); this accumulation activates unfolded protein response (UPR), thereby signaling
responses for ER homeostasis by decreasing protein synthesis, and
increasing chaperone and degradation (Schroder and Kaufman, 2005;
Vembar and Brodsky, 2008). However, prolonged ER stress is associated with apoptotic cell death (Boyce and Yuan, 2006), which
is caused by activating three signal transducers that are protein
kinase RNA like endoplasmic reticulum kinase (PERK), activating
transcription factor (ATF6) and inositol-requiring enzyme 1 (IRE1);
then, upregulates the expression of the C/EBP homologous protein
(CHOP) (Chen et al., 2012), caspase-12 protein (Nakagawa et al.,
2000), and glucose related protein 78 (Grp78) (Kim et al., 2008).
Moreover, apoptosis mainly involves excessive ROS-induced mitochondrial dysfunction upon the increase in the permeability of
mitochondria membrane (Chen and Yan, 2007). These results in the
inducing of proapoptotic protein such as Bax translocate from the
cytoplasm to the mitochondria membrane and a decrease in the antiapoptotic proteins (Bcl-2, Bcl-XL). Thereafter, cytochrome c gets
released to the cytoplasm and combines with apoptotic protease
activating factor 1 (APAF-1) and procaspase-9 to become the active
form of caspase-9 protein which stimulates the caspase-3 protein,
and this leads to cell death (Li et al., 1997; Slee et al., 1999). Therefore, evidences suggest that suppression of Aβ-mediated neuronal
apoptosis would be a target to attenuate progressive neuronal
damages and provide a strategy for the given approach to the development and treatment of AD.
Curcumin is the major constituent of curcuminoids isolated from
turmeric (Curcuma longa L.), with demethoxycurcumin and
bisdemethoxycurcumin being the minor constituents. Previous
studies have shown that curcumin has a wide range of beneﬁcial
properties, including antioxidant activity, anti-inﬂammatory activity, anticancer activity, neuroprotective effects, and antiviral activity
(Bandgar et al., 2014; Belviranli et al., 2013; Bhullar et al., 2013;
Morsy and El-Moselhy, 2013; Rath et al., 2013). Several groups of
researchers are engaged in the design and synthesis of new
curcuminoid analogs that exhibit higher physiological activities and
pharmacological activities than the parent curcumin itself (Aroonrerk
et al., 2012; Changtam et al., 2010; Sandur et al., 2007). Recently,
we reported our research ﬁnding that di-O-demethylcurcumin, a
chemically modiﬁed analog of curcumin, showed a potent antiinﬂammatory activity greater than that of the parent curcumin
(Tocharus et al., 2012). However, it remains unclear whether di-Odemethylcurcumin exerts neuroprotection against Aβ-induced
neuronal damage. Considering the important role of Aβ in the pathogenesis of AD, elucidation of the effects of di-O-demethylcurcumin
against Aβ-induced toxicity may provide a new insight into its potential application to the prevention or treatment of AD. It is,
therefore, of interest to investigate whether di-O-demethylcurcumin
would protect against Aβ-induced cytotoxicity in SK-N-SH cells. In
the present study, we explored the possible mechanisms underlying the neuroprotective effects of di-O-demethylcurcumin against
Aβ25-35-induced apoptosis in SK-N-SH cells. We evaluated the protective effect of the production of ROS, and mitochondrial disruption,
as well as ER stress.
2. Materials and methods
2.1. Materials
SK-N-SH cells (human neuroblastoma cells) were obtained from
American Type Culture Collection (ATCC, Manassas, VA, USA). Aβ2535 was obtained from Sigma (St. Louis, MO, USA). Minimum essential
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medium (MEM), fetal bovine serum (FBS), penicillin, and streptomycin were purchased from GIBCO-BRL (Gaithersburg, MD, USA).
The following antibodies were used for the western blot analysis:
anti-Bcl-XL, anti-Bax, anti-cytochrome c, anti-cleaved caspase-3,
anti-cleaved caspase-9, anti-β-actin, anti-mouse IgG peroxidaseconjugated secondary antibody, anti-rabbit IgG peroxidaseconjugated secondary antibody (Millipore, Bedford, MA, USA),
anti-Grp78, anti-CHOP, anti-PERK, anti-phospho-PERK, anti-phosphoeIF2α (Cell Signaling Technology, MA, USA), anti-ATF6, anti-XBP-1
(Santa Cruz Biotechnology, CA, USA), anti-phospho-IRE1α and anticaspase-12 (Abcam, Cambridge, UK) and anti-β-actin.

2.2. Methods
Aβ25-35 was dissolved in deionized distilled water at concentration of 1 mM and storage at −80 °C. Before it was used in each of
the experiments, it was aggregated at 37 °C for a week, after which
it was diluted to the required concentration with sterile water.

2.2.1. Cell culture
The SK-N-SH cells were cultured in MEM supplemented with 10%
heat inactivated FBS, 100 units/ml penicillin, and 100 μg/ml streptomycin in humidiﬁed 95% air, at 37 °C and 5% CO2 in an incubator.
The cells were passaged by trypsinization every 2–3 days.

2.2.2. Preparation of di-O-demethylcurcumin
Curcumin (850 mg, 2.30 mmol), obtained from Curcuma longa
as described previously (Changtam et al., 2010), was dissolved in
dry CH2Cl2 (90 ml); the mixture was stirred at 0 °C or 5 min and BBr3
(1 ml) was slowly added. The reaction mixture was stirred at 0 °C
for 30 min and more BBr3 (1 ml) was slowly added. After stirring
at 0 °C for 1 h, water (200 ml) was added and the mixture was extracted with EtOAc. The combined organic phase was washed with
water, dried over anhydrous Na2SO4 and the solvent was removed
under vacuum. The crude products were separated by column
chromatography using CH2Cl2-MeOH (10:1) as eluting solvent to
yield mono-O-demethylcurcumin 240 mg (29%) and di-Odemethylcurcumin 450 mg (57%). The spectroscopic (1H NMR and
mass spectra) data were consistent with the reported values
(Venkateswarlu et al., 2005).

2.2.3. Cell viability using MTS assay
The SK-N-SH cells were plated at a density of 2 × 105 cells/ml into
96 well plates (Corning Inc., Corning, NY, USA) and then incubated
for 24 h at 37 °C in a CO2 incubator. The cells were pretreated with
di-O-demethylcurcumin (1 μM, 2 μM, 4 μM and 8 μM) for 2 h, which
was followed by the addition of 10 μM Aβ25-35 for 24 h. Thereafter,
PrestoBlue reagent was added to each well and incubated additionally for 2 h at 37 °C under a humidiﬁed condition of 5% CO2. The
absorbance was measured using a microplate reader (Bio-Tek, Instruments, Winoaski, VT, USA) at the wavelength of 540 nm from
three independent experiments. The background absorbance was
measured at 600 nm and subtracted.

2.2.4. Determination of intracellular ROS by DCF assay
The cells at a density of 2 × 104 cells/well were plated in 96 well
plates and then incubated for 24 h at 37 °C in CO2 incubator. The
cells were pretreated with di-O-demethylcurcumin (2 μM, 4 μM and
8 μM) for 2 h, and then treated with Aβ25-35 for 24 h. The medium
was removed, and DCFH-DA solutions were added for 25 min. The
absorbance was measured using a ﬂuorescence microplate reader
(DTX800, Beckman Coulter, Austria) at an excitation wavelength of
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485 nm and an emission wavelength of 535 nm. Fluorescent images
were observed and collected by a ﬂuorescence microscope from three
independent experiments (Olympus AX-70, Olympus, Tokyo, Japan).
2.2.5. Cell apoptosis analysis
The cell death was investigated using ﬂuorescein isothiocyanate
(FITC) annexin V apoptosis detection kit (BD Bioscience, Canada) by
following the manufacturer’s instructions. Brieﬂy, the SK-N-SH cells
were plated at a density of 5 × 105 cells/well in six well plate and
pretreated with di-O-demethylcurcumin for 2 h, which was followed by treatment in the presence or absence of Aβ25-35 for 24 h;
thereafter, the cells were collected and resuspended in 1 × binding
buffer and incubated with annexin V-FITC and propidium iodide for
15 min in the dark. The cells were analyzed using FACS canto ii
ﬂow cytometry. The percentage of the apoptotic cells from three
independent experiments was calculated using Diva software (FAC
BIVA).
2.2.6. Assessment of nuclear morphological change
For the assessment of the nuclear morphological change of the
apoptotic cells in the SK-N-SH cells, the cells were plated at a density
of 2 × 104 cells/well in six well plates. The cells were pretreated with
di-O-demethycurcumin for 2 h, and then treated in the presence or
absence of Aβ25-35 for 24 h; the cells were then ﬁxed with 2.5% glutaraldehyde in phosphate buffer saline (PBS), pH 7.4 at 4 °C until
embedding. Thereafter, the cells were post-ﬁxed with 1% osmium
tetroxide for 2 h. Following this, they were dehydrated in a graded
series (20–100%) of ethanol, and then embedded in araldite. Ultrathin sections were cut on an ultra microtome, using diamond knives
collected on copper grids, and stained with 4% uranyl acetate and
Reynolds lead citrate. The images from three independent experiments were detected with the help of an electron microscope (JEM2200 FS; JEOL, Tokyo, Japan).
2.2.7. Western blot
The SK-N-SH cells were cultured in a density of 5 × 105 cells/ml
in a 60 mm culture dish, at 37 °C, overnight. The cells were pretreated with di-O-demethylcurcumin at concentrations of 2 μM, 4 μM
and 8 μM for 2 h in the presence or absence of Aβ25-35 and lysed in
a lysis buffer containing NP-40, 1% sodium deoxycholate, 0.1% sodium
dodecyl sulfate, 40 mM β-glycerophosphate, 50 mM sodium ﬂuoride, 2 mM sodium orthovanadate and 1× protease inhibitors at 4 °C
for 15 min. The protein concentration was determined using the
Bradford protein assay (Bio-Rad Laboratories, Hercules, CA, USA) and
equal amounts of proteins were electrophoresed in a 10–15% SDS
polyacrylamide gel and then transferred to a polyvinylidene ﬂuoride (PVDF) membrane (Immobilon-P, Millipore, Bedford, MA, USA)
at 400 mA for 30 min. Thereafter, it was incubated with the indicated antibodies (anti-p-PERK, anti-PERK, anti-ATF6, anti-Grp78, antip-eIF2α, anti-eIF2α, anti-CHOP, anti-IRE1, anti-p-IRE1, anti-cleaved
caspase 12, anti-XBP-1, anti-Bax, anti-Bcl-XL, anti-cytochrome c, anticleaved caspase-3 protein and anti-cleaved caspase-9 protein) in
1:1000–1:2000 dilution with phosphate-buffered saline with Tween
20 (PBST) at 4 °C, overnight. The blots were incubated with horseradish peroxidase-conjugated secondary antibodies for 1 h at room
temperature. The signal was visualized as blots using the Immobilon
Western (Millipore, MA, USA) and exposed to an X-ray ﬁlm. The densitometry from three independent experiments was analyzed using
the Image-J® software.
2.3. Statistical analysis
All the data are represented as the mean ± SD. Statistical significance was determined using one-way ANOVA, followed by Post Hoc

Dunnett’s test. Values of P < 0.001, P < 0.01, P < 0.05 were considered as statistically signiﬁcant.

3. Results
3.1. Di-O-demethylcurcumin increases cell viability against Aβ25-35
The cells were pretreated with di-O-demethylcurcumin (2 μM,
4 μM and 8 μM) for 2 h prior to the addition of 10 μM of Aβ25-35,
and the protective effect was determined after 24 h of treatment.
The result showed that 10 μM of Aβ25-35 induced signiﬁcantly the
cell death of approximately 30% of the cells (P < 0.05) compared
to the control group (Fig. 1). Di-O-demethylcurcumin attenuated
the cytotoxicity of Aβ25-35 and signiﬁcantly increased (P < 0.001)
the cell viability in a concentration-dependent manner. The cell
viability upon pretreatment with di-O-demethycurcumin at concentrations of 2 μM, 4 μM and 8 μM for 2 h before being treated
with Aβ 25-35 for 24 h were 84.31 ± 1.07%, 88.96 ± 1.30%, and
93.24 ± 2.30%, respectively. At these concentrations, di-Odemethylcurcumin alone did not show any obvious effects on the
viability of the SK-N-SH cells (Fig. 1).

3.2. Di-O-demethylcurcumin attenuated Aβ25-35 induced production
of ROS in SK-N-SH cells
An investigation was carried out to examine whether di-Odemethylcurcumin could inhibit the ROS generation induced by Aβ2535. We determined the effects of di-O-demethylcurcumin on ROS
production by measuring the redox-sensitive dye DCFH-DA. As demonstrated in Fig. 2A,B, exposure to 10 μM of Aβ25-35 of the SK-N-SH
cells for 24 h resulted in a signiﬁcant increase in the amount of ROS,
by 238.44 ± 10.67%, as compared to the control group. After the pretreatment with 2 μM, 4 μM and 8 μM of di-O-demethylcurcumin in
SK-N-SH cells before being treated with Aβ25-35, the ROS levels were
found to have signiﬁcantly decreased (P < 0.001) in comparison with
the Aβ25-35-treated SK-N-SH group. At these concentrations, it was
observed that di-O-demethylcurcumin alone did not show any

Fig. 1. Di-O-demethylcurcumin improves the cell viability of the SK-N-SH cellsinduced by Aβ25-35. The SK-N-SH cells were pretreated with various concentrations
(2–8 μM) of di-O-demethylcurcumin for 2 h, which was followed by treatment with
10 μM Aβ 25-35 for 24 h. The cell viability was measured using the 3-(4,5dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2Htetrazolium (MTS) assay. The data were normalized by using a control group. The
values are presented as mean percent of control ± SD of three independent experiments. *P < 0.05 vs. control group; #P < 0.05, ###P < 0.001 vs. group treated with
Aβ25-35 alone.
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Fig. 2. The effect of di-O-demethylcurcumin on Aβ25-35-induced ROS production in SK-N-SH cells. A: Scanning Confocal Microscopy detected Aβ25-35-induced ROS
production in SK-N-SH cells. a: The control group. b: The SK-N-SH cells treated with di-O-demethylcurcumin alone. c: The SK-N-SH cells treated with 10 μM of Aβ25-35
alone. d–f: SK-N-SH cells pretreated with di-O-demethylcurcumin at the concentration of 2 μM, 4 μM and 8 μM for 2 h prior to treatment with 10 μM Aβ25-35 for 24 h. B:
The values of ROS are presented as the mean percent of control ± SD of three independent experiments. ***P < 0.001 vs. control group; ###P < 0.001 vs. group treated with
Aβ25-35 alone.

obvious effects on the basal level of ROS (Fig. 2A,B). These results
imply that di-O-demethylcurcumin has free radical scavenging effect
in SK-N-SH cells activated by Aβ25-35.
3.3. Di-O-demethylcurcumin prevents cell apoptosis caused
by Aβ25-35
In order to conﬁrm the protective effect of di-Odemethylcurcumin against Aβ 25-35 -induced SK-N-SH cells
death, we investigated the nuclear morphological change
in the apoptotic cells by using transmission electron microscope
(TEM). As illustrated in Fig. 3A, Aβ25-35 treatment alone showed
nuclear condensation and cell shrinkage compared to the
control. On the other hand, treatment with di-O-demethylcurcumin
was found to decrease the apoptotic morphological change, and the
morphology was observed to be similar to that of the control group.
In addition, the number of apoptotic cells was also quantitatively
analyzed using ﬂow cytometry with Annexin V-FITC/PI double staining. The Aβ25-35-treated cells signiﬁcantly increased (P < 0.001) the
number of apoptotic cells as compared to the control group. However,
pretreatment with di-O-demethylcurcumin was observed to signiﬁcantly reduce (P < 0.001) the number of apoptotic cells as
compared to the cells treated with the Aβ25-35 group in a dosedependent manner (Fig. 3B,C). The apoptotic cells at the time of
pretreatment with di-O-demethylcurcumin (at concentrations of
2 μM, 4 μM and 8 μM) were 62.60 ± 2.35%, 38.73 ± 1.35%, and
14.77 ± 1.63%, respectively. These results suggest that di-Odemethylcurcumin suppresses Aβ25-35-induced cell apoptosis in
SK-N-SH cells.

3.4. Effects of di-O-demethylcurcumin on Aβ25-35-induced ER stress
in SK-N-SH cells
To investigate whether di-O-demethylcurcumin could suppress the apoptosis mediated by the ER stress pathway, we ﬁrst
determined whether Aβ25-35 could induce ER stress. With this
purpose, we investigated the expression of Grp78, a marker of ER
stress in SK-N-SH cells. The SK-N-SH cells were treated with 10 μM
of Aβ25-35 for 0 h, 3 h, 6 h, 9 h, 12 h and 24 h, following which the
cells were harvested. The results revealed that Aβ25-35 had signiﬁcantly increased the expression of the Grp78 proteins in the SK-NSH cells (P < 0.001), with the maximum level being observed at the
12th h. Thereafter, we investigated the expression of the three major
sensors of the ER stress pathway, including PERK, IRE1 and ATF6,
using the western blot analysis. The activation of the PERK signal
pathway was determined using the phosphorylated form of eIF2α
and PERK in the SK-N-SH cells was treated with Aβ25-35. The presence of Aβ25-35 increased the phosphorylated form of eIF2α and the
PERK proteins in a time-dependent manner, with the maximum level
being observed at the 12th h in the SK-N-SH cells (Fig. 4A). Next,
we investigated the effects of Aβ25-35 activation on the IRE1 signal
pathway, which was found out by determining the expression levels
of XBP-1 and the phosphorylation form of p-IRE1 using the western
blotting analysis. It was observed that Aβ25-35 had increased the expression of phosphorylated IRE1 in a time-dependent manner
(Fig. 4A). As XBP-1 mRNA is a speciﬁc substrate of IRE1, the splicing of XBP-1 is commonly used as a marker for IRE1 activation. We
determined the activation of IRE1 by detecting the XBP-1 protein
in the SK-N-SH cells. It was found that Aβ25-35 had signiﬁcantly
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Fig. 3. Di-O-demethylcurcumin attenuated Aβ25-35-induced apoptosis in SK-N-SH cells. A: The morphological changes of SK-N-SH cells were detected using TEM. The effect
of di-O-demethylcurcumin on Aβ25-35 induced apoptosis in SK-N-SH cells. a: The control group. b: The SK-N-SH cells treated with di-O-demethylcurcumin alone. c: SK-NSH cells treated with 10 μM of Aβ25-35 alone. d–f: SK-N-SH cells pretreated with di-O-demethylcurcumin at the concentration of 2 μM, 4 μM and 8 μM for 2 h prior to treatment
with 10 μM of Aβ25-35 for 24 h. B: SK-N-SH cells were labeled with Annexin V-FITC and PI. The apoptotic SK-N-SH cells were analyzed using ﬂow cytometry. The numbers
indicate the percentage of the cells in each quadrant (lower left: FITC−/PI−, intact cells; lower right:FITC+/PI−, apoptotic cells; upper left: FITC−/PI+, necrotic cells; upper right:
FITC+/PI+, late apoptotic cells). C: The percentage of apoptotic cells are presented as the mean percent of control ± SD of three independent experiments. ***P < 0.001 vs.
control group; ###P < 0.001 vs. group treated with Aβ25-35 alone.

increased (P < 0.001) the XBP-1 protein in response to the exposed
time in a time-dependent manner, with the maximum increase observed at the 24th h (Fig. 4A). In addition, we investigated the
expression of the ER stress proteins of ATF6, CHOP and cleaved
caspase 12 using the western blotting analysis, and showed that the
optimal time expressions of these three are at the 12th h, 24th h
and 9th h, respectively, after being exposed to Aβ25-35 (Fig. 4A). Altogether, the result suggested that the expression of the ER stress

proteins increased in a time-dependent manner, with the maximum
level being observed between the 9th h and 24th h in the SK-NSH cells treated with Aβ25-35. Based on these results, the investigation
for the determination of the further effects of di-O-demethylcurcumin in Aβ25-35-induced ER stress was subsequently carried out
at this time point. In order to determine the cytoprotective effect
of di-O-demethylcurcumin in Aβ25-35-induced ER stress, the SK-NSH cells were pretreated with various concentrations of
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Fig. 4. Di-O-demethylcurcumin suppresses Aβ25-35-induced ER stress in SK-N-SH cells. A: SK-N-SH cells were treated with 10 μM Aβ25-35 for 0 h, 3 h, 6 h, 9 h, 12 h, and 24 h.
The expression of Grp78, p-PERK, PERK, p-eIF2α, eIF2α, p-IRE1, IRE1, XBP-1, ATF6, CHOP, cleaved caspase 12 protein were examined using the western blot analysis. The
β-actin antibody was used as an internal control. B: A representative western blot showing the expression of p-PERK, PERK, p-eIF2α, eIF2α, p-IRE1, IRE1 and XBP-1 in SKN-SH cells. The cells were pretreated with di-O-demethylcurcumin (at concentrations of 2 μM, 4 μM and 8 μM) for 2 h, which was followed by treatment with 10 μM of
Aβ25-35 for 24 h. a: The quantitative analysis of p-PERK was normalized to the PERK. b: The quantitative analysis of p-eIF2α was normalized to the eIF2α. c: The quantitative
analysis of p-IRE1 was normalized to the IRE1. d: The quantitative analysis of XBP-1 was normalized to β-actin. C: A representative western blot showing the expression of
Grp78, ATF6 and CHOP in SK-N-SH cells. The cells were pretreated with di-O-demethylcurcumin (at concentrations of 2 μM, 4 μM and 8 μM) for 2 h, which was followed by
treatment with 10 μM Aβ25-35 for 24 h. a: The quantitative analysis of Grp78 was normalized to the β-actin. b: The quantitative analysis of CHOP was normalized to the
β-actin. c: The quantitative analysis of the cleaved caspase-12 protein was normalized to β-actin. The values are presented as mean ± SD of three independent experiments.
***P < 0.001 vs. control group; #P < 0.05, ##P < 0.01, ###P < 0.001 vs. group treated with Aβ25-35 alone.

di-O-demethylcurcumin (2 μM, 4 μM and 8 μM) for 2 h, prior to Aβ2535 activation. The expressions of the phosphorylated forms of eIF2α,
PERK, IRE1, and the expression of XBP-1, ATF6, CHOP, cleaved
caspase-12 protein and Grp78, were observed to have signiﬁcantly decreased (P < 0.001) in a concentration-dependent manner
(Fig. 4B,C). These data suggest that di-O-demethylcurcumin attenuated apoptosis through the ER stress pathway in SK-N-SH cells.

tration of di-O-demethylcurcumin for 2 h prior to the treatment with
10 μM of Aβ25-35 was found to signiﬁcantly increase (P < 0.001) the
Bcl-XL/Bax ratio in a concentration-dependent manner (Fig. 5B,C).
In addition, it was observed that di-O-demethylcurcumin also markedly decreased (P < 0.001) the expression of cytochrome c, cleaved
caspase-9 protein, and cleaved caspase-3 protein in a concentrationdependent manner (Fig. 5D,E,F).

3.5. Effects of di-O-demethylcurcumin on Aβ25-35-induced
mitochondria apoptosis pathway in SK-N-SH cells

4. Discussion

An analysis was conducted to determine the protective effect of
di-O-demethylcurcumin against Aβ25-35-induced mitochondrial death
pathway in SK-N-SH cells. We investigated the expression of BclXL, Bax, cytochrome c, cleaved caspase-9 protein, and cleaved
caspase-3 proteins at 0 h, 3 h, 6 h, 9 h, 12 h and 24 h in SK-N-SH cells
activated using 10 μM of Aβ25-35. As presented in Fig. 5A, the expression of Bcl-XL was found to have signiﬁcantly decreased in a
time-dependent manner (P < 0.001). On the other hand, the expression of Bax was observed to have signiﬁcantly increased in a
time-dependent manner (P < 0.001). The release of cytochrome c
to cytosol was also found to have signiﬁcantly increased (P < 0.001)
in a time-dependent manner, with the maximum level being observed at the 12th h in the SK-N-SH cells activated by Aβ25-35. Next,
we carried out an investigation to conﬁrm that the relevant mitochondria apoptosis pathway was affected by the overexpression of
the cleaved caspase-9 protein and the cleaved caspase-3 protein,
which shows the presence of the apoptosis cells. We found that both
the cleaved caspase-9 protein and the cleaved caspase-3 protein had
the optimal time of expression at the 24th h after the treatment
with 10 μM of Aβ25-35 (Fig. 5A). Pretreatment with various concen-

It is now well known that Aβ is neurotoxic and contributes to
the pathogenesis of AD. The toxicity of Aβ is associated with senile
plagues formed in AD brains, which is attributable to the amino
acid located in position 25–35 of the full length length, containing
the functional domain that is involved in the neurotoxic effects in
AD (Kubo et al., 2002; Millucci et al., 2010). The Aβ25-35 is widely
used to as an experimental model of AD, thus, we implied that
cultured SK-N-SH cells treated with Aβ25-35 as used in the present
study would provide a suitable approach to determine the effects
of di-O-demethylcurcumin on Aβ toxicity. Previous studies have
reported that Aβ induces oxidative stress by producing excessive
amount of ROS (Shearman et al., 1994), which lead to cell membrane lipid destruction, DNA damage, oxidation of proteins, and,
ﬁnally, apoptosis (Zawia et al., 2009). Thus, suppression of oxidative stress brings with it the beneﬁt of preventing AD (Calabrese
et al., 2008). Di-O-demethylcurcumin, a demethylated analog of
curcumin, has been reported to be a strong anti-inﬂammatory agent
greater than its parent compound, as demonstrated in our previous study (Tocharus et al., 2012). In this study, we further investigated
the protective role of di-O-demethylcurcumin against Aβ25-35induced apoptosis mediated by mitochondrial death pathway and
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Fig. 4. (continued)
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Fig. 5. The effects of di-O-demethylcurcumin on Aβ25-35-induced mitochondria apoptosis pathway in SK-N-SH cells. A: A representative western blot showing the expression of Bcl-XL, Bax, cytochrome c, the cleaved caspase-9 protein and the cleaved caspase-3 protein. The SK-N-SH cells were treated with 10 μM Aβ25-35 for 0 h, 3 h, 6 h, 9 h,
12 h, and 24 h. The β-actin antibody was used as an internal control. B: A representative western blot showing the expression of Bcl-XL, Bax, cytochrome c, cleaved caspase-9
and cleaved caspase-3 protein in the SK-N-SH cells. The cells were pretreated with di-O-demethylcurcumin (at concentrations of 2 μM, 4 μM and 8 μM) for 2 h, which was
followed by treatment with 10 μM of Aβ25-35 for 24 h. C: The quantitative analysis of Bcl-XL was normalized to the Bax. D: The quantitative analysis of cytochrome c was
normalized to β-actin. E: The quantitative analysis of the cleaved caspase-9 protein was normalized to β-actin. F: The quantitative analysis of cleaved caspase-3 protein was
normalized to β-actin. The values are presented as mean ± SD of three independent experiments. ***P < 0.001 vs. control group; #P < 0.05, ##P < 0.01, ###P < 0.001 vs. group
treated with Aβ25-35 alone.

ER stress pathway. We ﬁrst investigated Aβ25-35-induced cytotoxicity in SK-N-SH cells using the MTS assay. It was observed that
pretreatment with various concentrations of di-O-demethylcurcumin
had markedly increased the cell viability in a concentration-

dependent manner. We next explored if di-O-demethylcurcumin
has protective effects against Aβ25-35-induced neuronal cell apoptosis. Aβ25-35-treated cells were investigated using TEM, and the
results of the investigation revealed typical morphological
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features of apoptosis with chromatin condensation and nucleus
fragmentation. We next carried out the quantitative analysis for
the number of apoptotic cells using ﬂow cytometry. The results
showed that di-O-demethylcurcumin can protect SK-N-SH cells
against Aβ-induced apoptosis. Simultaneously, we found out that
Aβ25-35 is able to induce mitochondrial dysfunction (Costa et al.,
2012) as determined by its ability to increase ROS accumulation,
whereas di-O-demethylcurcumin has the ability to reverse these
events. A large number of experiments have demonstrated that
Aβ25-35 plays an important role in cell apoptosis mediated by mitochondrial death pathway and ER stress pathway (Alberdi et al.,
2013; Costa et al., 2012; Takuma et al., 2005). It is well known
that Aβ25-35 induces mitochondria dysfunction by increasing the
intracellular ROS production (Shearman et al., 1994), depolarizing
the mitochondrial membrane, opening the mitochondrial permeability transition pore (MPTP), and inducing the release of
cytochrome c, which, in turn, activates caspase-3 protein which
plays an important role in cell apoptosis (Budihardjo et al., 1999;
Manczak et al., 2010; Zhang and Armstrong, 2007). Our ﬁndings
are consistent with previous reports showing that treatment with
Aβ25-35 induced mitochondrial dysfunction by increasing free radicals and reducing the mitochondrial membrane potential, thereby
upregulating cytochrome c, caspase-9 protein and caspase-3 protein
and downregulating the ratio of Bcl-XL/Bax, and also that di-Odemethylcurcumin suppressed this activation (Budihardjo et al.,
1999; Manczak et al., 2010; Zhang and Armstrong, 2007). Accumulations of ROS can result in oxidative stress, impairment of cell
function, and apoptosis. It is a widely accepted fact that long periods
of accumulation of unfolded protein in ER corresponds to apoptosis in AD (Boyce and Yuan, 2006). We therefore investigated the
molecular events associated with Aβ25-35-induced ER stress (Ferreiro
et al., 2006). ER plays an important role in protein folding and modiﬁcation. Protein biosynthesis in ER can be interfered with because
of a variety of toxic conditions, including hypoxia, nutrient deprivation, Ca2+ overload, etc., which initiate the unfold protein response
(UPR) that causes ER stress. ER stress triggers several speciﬁc signaling pathways, such as ER-associated protein degradation and
UPR (Hoozemans et al., 2005). UPR is initiated by three ERresident transmembrane proteins known as sensors of ER stress
(Ron and Walter, 2007), namely, PERK, ATF6 and IRE1, which are
activated by the ER-resident chaperone glucose-regulated protein
of 78 kDa (Grp78 or BiP) (Calfon et al., 2002; Kim et al., 2008).
This study provides evidence that Aβ25-35 activates ER stress signaling pathways in SK-N-SH cells, and that the induction of ER stress
is implicated in Aβ25-35-induced apoptosis. We demonstrated that
Aβ25-35 induced the up-regulation of Grp78, p-PERK, p-elF2α, and
cleaved ATF6α, and increased the expression of CHOP and the
caspase-12 protein which are important apoptotic inducers. All the
same, it was also demonstrated that pretreatment with di-Odemethylcurcumin suppressed the activation of ER stress signaling
pathway by inhibiting the Grp78, p-PERK, p-elF2α, and cleaved
ATF6α, and also decreased the expression of CHOP and the caspase12 protein. A number of studies have demonstrated that prolonged
activation of ER stress can activate the expression of CHOP and
the caspase-12 protein, the key mediators of ER stress-induced cell
death pathways in AD (Chen et al., 2012; Paschen and Mengesdorf,
2005). CHOP, a transcription factor induced by ATF6, PERK or IRE1,
regulates cell death by suppressing the expression of the Bcl-2
protein (Hacki et al., 2000; McCullough et al., 2001) as well as by
increasing the Bax protein (Gotoh et al., 2004; Paradis et al., 1996).
Additionally, caspase-12 protein is an ER stress speciﬁc protein which
activates the caspase-9 protein (Ishige et al., 2007; Morishima et al.,
2002), a process that would lead to the activation of the caspase-3
pathways during apoptosis in AD. Thus, this study conﬁrms that
increased levels of CHOP and caspase-12 protein in neuronal
cells leads to ER-stress-associated apoptosis. Therefore, di-O-

demethylcurcumin-mediated inhibition of the CHOP and caspase12 expression may be a key strategy in the efforts toward preventing
ER stress-induced effects by Aβ25-35.
In conclusion, it can be stated that the results here show that
Aβ 25-35 -treated SK-N-SH cells undergo apoptosis and di-Odemethylcurcumin exerts neuroprotective, antioxidative and antiapoptotic effects by attenuating the mitochondrial death pathway
and the ER stress pathway. Thus, the protective effects of di-Odemethylcurcumin against neuronal neurotoxins may help to provide
the pharmacological basis of its clinical usage in the prevention or
palliation of neurodegeneration in AD.
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