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the generation of MDA and ROS and increasing the produc-
tion of SOD and GSH. Resveratrol markedly attenuated the 
Aβ1–42-induced loss in cell viability in PC12 cells in both a 
dose- and time-dependent manner. More importantly, res-
veratrol stimulated the activation of HO-1, Nrf2, PI3K, and 
phosphorylated Akt. Notably, the neuroprotective effects of 
resveratrol were eliminated by the HO-1 inhibitor zinc proto-
porphyrin IX (ZnPP), Nrf2 small interfering RNA (siRNA), 
and the PI3K/Akt inhibitor LY294002. Taken together, the 
findings suggest that the cytoprotection of resveratrol against 
the cytotoxicity induced by Aβ1–42 in PC12 cells is through 
the upregulation of HO-1 expression via the activation of 
the PI3K/AKT/Nrf2 intracellular signaling pathway, which 
might provide novel insights for understanding the mecha-
nism of the neuroprotective effect of resveratrol as an anti-
AD drug.

Keywords  Resveratrol · Heme oxygenase-1 · 
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Induction

Oxidative stress is a key mechanism of cell death; the over-
production of reactive oxygen species (ROS) generated 
from oxidative stresses, such as free radicals or hydrogen 
peroxide, can directly or indirectly damage the physiologi-
cal functions of cellular proteins, lipids, nucleic acids and 
other macromolecules. Oxidative stress is the leading patho-
physiological basis for many degenerative diseases, such as 
Parkinson’s disease [1], Huntington’s disease [2] and Alzhei-
mer’s disease (AD) [3]. AD, the crucial cause of dementia 
in people over the age of 60, is characterized by neuronal 
loss, the deposition of senile plaques (SPs) and the forma-
tion of neurofibrillary tangles in circumscribed regions of 

Abstract  Oxidative stress and cytotoxic damage induced 
by amyloid beta (Aβ) have been considered pivotal in the 
pathogenesis of Alzheimer’s disease (AD) and may repre-
sent a target for treatment. The phosphatidylinositol 3-kinase 
(PI3K)/Akt pathway elicits a survival signal to protect 
against multiple injuries, and the transcription factor nuclear 
factor erythroid 2-related factor 2 (Nrf2), a downstream tar-
get of the PI3K/Akt pathway, can bind to HO-1. Resveratrol, 
a natural polyphenol derived from grapes, has been widely 
reported to have diverse antioxidative effects against AD, 
but the mechanisms have not been fully elucidated. The pre-
sent study aims to investigate the effects of resveratrol on 
Aβ1–42-induced cytotoxicity in PC12 cells and to explore the 
potential mechanisms of these effects. PC12 cells were cul-
tured and treated with Aβ1–42. Oxidative stress was assessed 
by measuring malondialdehyde (MDA), glutathione (GSH), 
and superoxide dismutase (SOD) levels. After treating with 
resveratrol at different concentrations (0, 10, 20, 40 μM) and 
for different durations (24, 48, 72 h), the generation of MDA, 
GSH, and SOD were detected; cell viability was assessed 
by MTT assay. The production of reactive oxygen species 
(ROS) was determined using an ROS Assay Kit. Western 
blotting was used to detect the protein expression. Our stud-
ies showed that pretreatment with resveratrol could reduce 
Aβ1–42-induced oxidative stress in PC12 cells by inhibiting 
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the neocortex and hippocampus. Amyloid beta (Aβ), a major 
component of SPs, is generated from the amyloid precur-
sor protein by β- and γ-secretases. Although the deposition 
mechanism of Aβ in brain degeneration has remained elu-
sive, the oxidative stress induced by Aβ remains a dominant 
pathological basis for AD pathogenesis. Hence, targeting 
Aβ-associated oxidative stress is a promising approach for 
AD modification.

HO-1 is the most important member of the heme oxy-
genase family. It catalyzes the rate-limiting step in heme 
catabolism, leading to the formation of biliverdin, free 
iron, and carbon monoxide. In the presence of biliverdin 
reductase, biliverdin is further converted to bilirubin. These 
three byproducts have a protective role against cytotoxic-
ity in different cell models of many diseases, including 
AD [4]. Therefore, looking for one drug that can activate 
HO-1 against oxidative stress would be beneficial for AD 
treatment.

Unfortunately, for the treatment of AD, few of the chemi-
cal drugs designed for clinical applications have reached the 
expected preventive or therapeutic effect, and these drugs 
also have significant side effects. Therefore, there is an 
urgent need for new strategies to be developed for AD treat-
ment. Traditional Chinese Medicine has accumulated much 
experience in the treatment of dementia during thousands 
of years of practice; modern pharmacological studies have 
confirmed the therapeutic effects of many active components 
derived from Chinese herbal medicines [5].

Resveratrol, 3,5,4′-trihydroxy-trans-stilbene (C14H12O3), 
is a natural polyphenol derived from plants such as Morus 
alba and grapes. It has been reported that resveratrol has a 
wide range of pharmacological properties, including anti-
inflammation [6], antioxidant [7], wound healing [8], anti-
infective [9], and anti-cancer properties [10]; it is also used 
to ameliorate defects associated with cystic fibrosis [11]. In 
addition, resveratrol could activate a xenobiotic response in 
the target cells, affecting the expression of phase II enzymes, 
such as NAD(P)H:quinone oxidoreductase, aldoketoreduc-
tase, glutathione (GSH) S-transferase, gamma-glutamyl-
cysteine synthetase, GSH synthetase, and HO-1 [12, 13]. 
At present, it has been reported that resveratrol exerts its 
cytoprotective properties by inducing the protective protein 
HO-1 against oxidative stress in AD [14, 15], but the mecha-
nisms are not fully known. Therefore, there has been great 
interest in understanding the cellular mechanisms through 
which resveratrol acts, not only to improve the understand-
ing of the molecular mechanisms that activate HO-1 but also 
to facilitate the design of safe clinical agents that can regu-
late the HO-1 inducing properties of resveratrol.

The phosphatidylinositol 3-kinase (PI3K)/Akt pathway 
plays a crucial role in regulating cell differentiation, prolif-
eration, survival, and phagocytosis. PI3K catalyzes the phos-
phorylation of IP2 (phosphatidylinositol 4,5-diphosphate) 

to IP3 (phosphatidylinositol 3,4,5-trisphosphate), which is 
an important activity regulator of various kinases involved 
in cell signaling pathways [16]. Nuclear factor erythroid 
2-related factor (Nrf), a downstream transcription factor of 
the PI3K/Akt signaling pathway, controls the coordinated 
expression of important antioxidant and detoxification genes 
(phase II genes) through a promoter sequence termed the 
antioxidant response element (ARE). HO-1 contains an 
ARE, and it is a Nrf2-dependent phase enzyme. Once they 
are bound together, they can regulate the expression of a 
set of antioxidant/detoxification genes that act in synergy to 
remove ROS/RNS through sequential enzymatic reactions 
[17].

In the present study, we demonstrate the effects of res-
veratrol on HO-1 expression against oxidative stress in PC12 
cells during incubation with Aβ and its influence on PI3K/
Akt/Nrf2 signaling, which might provide novel insights into 
the understanding of the mechanism of resveratrol’s neuro-
protective effects.

Materials and Methods

Culture of PC12 Cells

The rat pheochromocytoma cell line PC12 (Department of 
Pathophysiology, Chongqing Medical University, China) 
was cultured in Dulbecco’s modified Eagle’s medium 
(DMEM) containing 10% fetal bovine serum, 1 mM sodium 
pyruvate, 2 mM l-glutamine, 50 U/mL penicillin G sodium, 
and 50 µg/mL streptomycin sulfate (Invitrogen, USA). Cells 
were maintained at 37 °C in an incubator containing 5% 
CO2.

Resveratrol Treatment

Resveratrol was obtained from Sigma-Aldrich (St. Louis, 
MO, USA) and dissolved with DMSO as a stock solution. 
The drug stock solution was further diluted with DMEM 
to the proper concentration before usage. PC12 cells were 
treated with resveratrol at 0, 10, 20, 40 μM for 24, 48 and 
72 h. Then, the cells were collected for different assays. The 
control group was treated with DMSO (1%, v/v).

Preparation and Treatment with Aβ1–42

The Aβ1–42 peptide was purchased from Sigma-Aldrich (St. 
Louis, MO, USA) and was freshly prepared before each 
treatment at 1 mg/mL in double distilled deionized water 
and considered to be solubilized. The cells were then treated 
with the Aβ1–42 peptide in a range of 0–80 μg/mL in serum-
free medium containing 1% PS for 24 h. Then, the cells were 
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incubated at 37 °C in a humidified and sterile atmosphere 
containing 5% CO2 for 24, 48, and 72 h.

Nrf siRNA and PI3K Inhibitor LY294002 Treatment

PC12 cells were cultured with DMEM. For transfection, 
cells were grown in 75 cm2 flasks to approximately 80% 
confluence. Each flask was transfected with Nrf2 siRNA 
(Santa Cruz, USA), 15 μL, using 20 μL of Lipofectamine 
2000 Reagent (Invitrogen, USA) according to the manufac-
turer’s instructions. The concentration of 2-(4-morpholinyl)-
8-phenyl-4H-1-benzopyran-4-one (LY294002) in the culture 
medium was 5.0 µM.

Preparation and Treatment with ZnPP Solution

ZnPP was purchased from Sigma-Aldrich (St. Louis, MO, 
USA), and the ZnPP solution was prepared as follows. First, 
25 mg ZnPP was dissolved in 3.3 mL of NaOH (0.2 M) in 
a dark room, and 0.2 M HCl was added to adjust the pH 
7.0. Finally, saline was added to a final volume of 50 mL 
(0.5 mg/mL). The resulting solution was stored away from 
light.

MTT Assays

The effect of resveratrol on the PC cell survival rate was 
evaluated by the MTT assay. The PC12 cells were plated 
at 4 × 104 cells per well of a 96-well plate in differentia-
tion media, and each group contained six parallel wells. 
The medium was then replaced with 180 μL of conditioned 
medium containing either resveratrol or DMSO. After being 
incubated for 24 h, 20 μL of the MTT solution (5 g/L) was 
added. Then, 4 h later, the medium and MTT were replaced 
with 100 µL of DMSO. After being vortexed gently for 
10 min, the absorbance was measured at 490 nm using an 
ultraviolet spectrophotometer (Bio-Rad, USA).

Oxidative Stress Assays

Oxidative stress was assessed by measuring malondialde-
hyde (MDA), GSH, and superoxide dismutase (SOD) levels. 
PC12 cells cultured in 6-well plates (4 × 104 cells/well) for 
24 h were treated with various concentrations of resveratrol 
for 3 h before the addition of 40 μM Aβ1–42 and further incu-
bation for 24 h. Cells were then digested with trypsin and 
washed twice in phosphate buffered solution (PBS). There-
after, cells were suspended in 500 μL of PBS and lysed by 
ultrasonication in the presence of a protease inhibitor before 
centrifugation at 4000 rpm for 5 min. The supernatant was 
collected for analysis. Supernatant protein concentrations 
were measured using a Bradford protein assay kit from 
Key Gen Biotech (Nanjing, China). The levels of MDA, 

GSH, and SOD were measured using appropriate kits pur-
chased from KeyGen Biotech following the manufacturer’s 
instructions.

ROS Measurement

To measure cellular ROS, we used the molecular probe 
H2DCFDA. PC12 cells were seeded in 96-well plates at 
a density of 2 × 104 cells per well. The next day, the cells 
were washed three times with HBSS and then treated with 
resveratrol, as required, in the presence of H2DCFDA at a 
final concentration of 10 μM, which diffuses through the cell 
membrane and is hydrolyzed by intracellular esterases to the 
nonfluorescent form, dichlorofluorescein (DCFH). DCFH 
reacts with intracellular H2O2 to form a green fluorescent 
dye. Fluorescence was measured using a fluorescence micro-
plate reader. Wavelengths of excitation and emission were 
of 485 and 520 nm, respectively. The fluorescence after a 
30-min exposure to the ROS generator (H2O2) was normal-
ized to 1; the remaining variables were expressed in relation 
to this value.

Western Blotting

The PC12 cells were lysed in PRO-PREP™ liquid (0.1% 
SDS, 1% sodium deoxycholate, 1% Triton X-100, 0.15 M 
NaCl, 0.05 M Tris–HCl, pH 7.2; Intron Biotechnology, 
Kyungi-Do, Korea) supplemented with a protease inhibi-
tor cocktail (Roche, Welwyn Garden City, UK). The lysates 
were collected by centrifugation (13,000×g, 10 min, 4 °C), 
and the protein concentrations were determined by the 
Bradford method employing a Universal Microplate Reader 
(Gene Company, Hong Kong) at 595 nm. After gel elec-
trophoresis (15% polyacrylamide in a Tris–glycine buffer 
system) in the presence of SDS, the proteins were transferred 
to polyvinylidene fluoride membranes (Millipore, Billerica, 
MA, USA). After blocking, the membranes were incubated 
with primary antibodies, including the anti-rat HO-1 poly-
clonal antibody (Santa Cruz Biotechnology, California, 
USA; 1:1000 dilution) and the anti-rat polyclonal PI3K, (p)
Akt and Nrf2 antibodies (Santa Cruz Biotechnology, Cali-
fornia, USA; 1:1000 dilution), diluted in 0.1% (w/v) non-fat 
dry milk and incubated overnight at 4 °C. After washing, 
the bound antibodies were detected by incubation for 1–2 h 
at room temperature with secondary, peroxidase-conjugated 
anti-mouse or anti-rabbit antibodies (Zhong Shan Golden 
Bridge Biotech Company, China). The membranes were 
exposed on X-ray film in a darkroom with a commercial 
enhanced chemiluminescence system (Bio-Rad, Hercules, 
CA, USA). The relative optical density of each target of the 
digitized images were analyzed by Image J software. All the 
procedures were carried out in accordance with the tutorials.
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Statistical Analysis

Data were expressed as the mean ± standard error of the 
mean; Student’s t-test was applied to comparisons between 
two groups. Multiple comparisons between the group mod-
els and the different concentrations of resveratrol-treated 
groups were analyzed by one-way ANOVA, followed by 
Dunnett’s test. Differences were considered significant at 
P < 0.05.

Results

Determination of Aβ1–42 Cytotoxicity in PC12 Cells

The relative survival rate of PC12 cells was inhibited after 
treatment with Aβ1–42 at different concentrations along 
the time course. As shown in Fig. 1, the relative survival 
rate of PC12 cells was 96.4% with 1.25 μg/mL Aβ1–42 and 
37.8% with 80 μg/mL Aβ1–42 after 24 h. The survival rate 
was approximately 50% with exposure to 40 μg/mL Aβ1–42 
for 24 h. Hence, in the following experiments for the deter-
mination of survival in response to different treatments, 
the optimum concentration and incubation time with 
Aβ1–42 was 40 μg/mL for 24 h.

Resveratrol Alleviated the Decreased Survival 
Rate of PC12 Cells with Aβ1–42 in a Concentration‑ 
and Time‑Dependent Manner

The growth of PC cells treated with 40 μg/mL Aβ1–42 was 
inhibited in different degrees after treatment with resveratrol 
at different concentrations (0, 5, 10, 20, 40 μM) for different 
times (24, 48 and 72 h). The results showed that the differ-
ences between the control group and the groups treated with 
either 5 or 10 μM resveratrol were not statistically signifi-
cant (p > 0.05), while in comparison with the control group, 
the differences in the inhibition rates of the 20 and 40 μM 
groups were significant (p < 0.05). After being treated with 
resveratrol at 20 μM for different incubation times (24, 48, 
72 h), the results showed that an evident difference existed in 
the survival rate between the time points (p < 0.05) (Fig. 2). 
Hence, the optimum concentration and acting time of res-
veratrol was 40 μM for 24 h in the following experiments.

Resveratrol Decreased Aβ1–42‑Induced Oxidative Stress

The concentrations of MDA, GSH and SOD are indicators 
of oxidative stress. As shown in Fig. 3, intracellular MDA 
concentrations were significantly increased in Aβ1–42-treated 
PC12 cells compared with the negative control group cells 
(P < 0.05). Resveratrol decreased intracellular MDA concen-
trations in the PC12 cells in a dose-dependent manner. The 
MDA concentrations in the resveratrol-treated groups were 
significantly lower than the concentration in the model con-
trol group (P < 0.05). Intracellular GSH and SOD concentra-
tions were significantly decreased in Aβ1-42-treated cells 
compared with the negative control group cells (P < 0.05). 
Resveratrol increased intracellular GSH and SOD concen-
trations in Aβ1–42-treated PC12 cells in a dose-dependent 
manner. The GSH and SOD concentrations in the resvera-
trol-treated groups were significantly higher than the con-
centrations in the model control group (P < 0.05).

Fig. 1   Effect of Aβ1–42 on cell viability by MTT assay in PC12 
cells. a Cells treated with Aβ1–42 (0–80  μg/mL) for 24  h. b Cells 
treated with 40 μg/mL Aβ1–42 for 0, 12, 24, 36, 48, 60 and 72 h. All 
results are expressed as mean ± standard deviation (n = 3). *P < 0.05, 
**P < 0.01, ***P < 0.001 as compared with the control group

Fig. 2   Effect of resveratrol on cell viability by MTT assay in 
PC12 cells treated 40  μg/mL Aβ1–42. The results are expressed as 
mean ± standard deviation (n = 3). *P < 0.05, **P < 0.01 as compared 
with the Aβ1–42-treated group; #P < 0.05, ##P < 0.01, as compared with 
24 h
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Resveratrol Reduced ROS Production in PC12 Cells 
Treated with Aβ1–42

The relative fluorescence intensity of ROS released into 
the extracellular medium from PC12 cell without any 
treatment was considered as 100%. ROS levels were signif-
icantly increased in Aβ1–42-treated PC12 cells (P < 0.001). 
Resveratrol significantly reduced ROS levels in a dose-
dependent manner. ROS levels in the resveratrol 20 and 
40 μM groups were significantly lower than the level in 
the model control group (P < 0.01) (Fig. 4).

PI3K/Akt/Nrf2 Signaling Pathway Was Contributed 
to the Induction of HO‑1 by Resveratrol in PC12 Cells 
Treated with Aβ1–42

To gain better insight into the antioxidative property of res-
veratrol, we detected the protein expression level of PI3K, 
total-Akt (t-Akt), p-Akt, Nrf2 and HO-1 by Western blot-
ting. As shown in Fig. 5A, the results showed that in PC12 
cells Aβ1–42 decreased the expression of PI3K, p-Akt, Nrf2 
and HO-1 at the protein level. After treatment with 5 µM 
resveratrol, the expression of PI3K, p-Akt, Nrf2 and HO-1 
was not significantly increased (P > 0.05). When resveratrol 
was used at 20 or 40 µM, the expression of PI3K, p-Akt, 
Nrf2 and HO-1 at the protein level was evidently increased, 
and there was a significant difference compared with the 
PC12 cells with Aβ1–42 (P < 0.01). However, the t-Akt and 
β-actin protein expression had no significant changes with 
or without resveratrol (Fig. 5B). In order to confirm whether 
resveratrol-activated PI3K/Akt/Nrf2 signaling contributed 
to the induction of HO-1, the standalone effect of ZnPP 
or siRNA–Nrf2 or LY294002 was observed. As shown in 
Fig. 5c, d, ZnPP decreased the level of HO-1 only, siRNA-
Nrf2 reduced both Nrf2 and HO-1 levels; while, LY294002 
decreased the expression of PI3K, p-Akt, Nrf2 and HO-1, 
respectively. Furthermore, Western blotting showed that the 
inducing effects of resveratrol on PI3K, p-Akt, Nrf2 and 
HO-1 expression were reversed by the LY294002, Nrf2 
siRNA or ZnPP, respectively (Fig. 5e, f).

Discussion

AD, the most prevalent form of dementia in older popula-
tions worldwide, is a chronic, progressive neurodegenera-
tive disorder. It is characterized by progressive cognitive 
dysfunction, memory impairment and the loss of independ-
ence. It is well known that many factors contribute to the 
etiology of AD; the aggregation of Aβ is the most prominent 
factor and is considered a classic hallmark of AD. Excessive 
accumulation of the Aβ peptide not only leads to the forma-
tion of SPs but also plays a pivotal role in mitochondrial 
dysfunctions, such as mitochondrial depolarization [18], 
energy metabolism abnormalities [19] and oxidative stress. 
The latter is the leading pathophysiological basis of many 
diseases, including AD [3]. Therefore, reversing Aβ-induced 
oxidative stress may provide an opportunity to recover AD.

Although the neuroprotective effects of resveratrol have 
received a great amount attention in the field of AD, the 
exact molecular mechanisms have not yet been clarified 
[20, 21]. The major impressive characteristic of the present 
study is the demonstration of a novel antioxidant effect of 
resveratrol. In the present study, the results have shown that 
the exogenous application of resveratrol can protect PC12 

Fig. 3   Effect of resveratrol on the generation of MDA, GSH 
and SOD in PC12 cells treated 40  μg/mL Aβ1–42. The results 
are expressed as mean ± standard deviation (n = 3). *P < 0.01, 
**P < 0.001 as compared with the Aβ1–42-treated group; #P < 0.0 1, as 
compared with normal PC12 cells. MDA malondialdehyde, GSH glu-
tathione, SOD superoxide dismutase

Fig. 4   Effect of resveratrol on the relative fluorescence inten-
sity of ROS generated in PC12 cells treated 40  μg/mL Aβ1–42. The 
results are expressed as mean ± standard deviation (n = 3). *P < 0.01, 
**P < 0.001 as compared with the Aβ1–42-treated group
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Fig. 5   Resveratrol-activated PI3K/Akt/Nrf2 signaling pathway con-
tributed to the induction of HO-1 in PC12 cells treated with Aβ1-
42. a Resveratrol increased the expression of PI3K, p-Akt, Nrf2 and 
HO-1 protein in PC12 cells with 40  μg/mL Aβ1-42. b The com-
parative OD values of PI3K, p-Akt, Nrf2 and HO-1 protein expres-
sion were analyzed [*P < 0.01, compared with the normal (without 
Aβ1-42 treatment); #P < 0.05, compared with Aβ1-42 treated group; 
##P < 0.001, compared with Aβ1-42 treated group]. c The standalone 
effects of LY294002 (the PI3K/Akt inhibitor), Nrf2 siRNA and ZnPP 
(HO-1 inhibitor) on the expression of PI3K, p-Akt, Nrf2 and HO-1 

in PC12 cells with 40  μg/mL Aβ1-42. d The comparative OD val-
ues of PI3K, p-Akt, Nrf2 and HO-1 protein expression were analyzed 
(*P < 0.05, compared with Aβ1-42 treated group). e The inducing 
effects of resveratrol on the PI3K, p-Akt, Nrf2 and HO-1 expression 
were reversed by LY294002, Nrf2 siRNA and ZnPP. f The compara-
tive OD values of PI3K, p-Akt, Nrf2 and HO-1 after LY294002, Nrf2 
siRNA and ZnPP treatment, respectively (*P < 0.01, compared with 
Aβ1-42 and Res treatment; **P < 0.001, compared with Aβ1-42 and 
Res treatment)
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cells against oxidative stress induced by Aβ1–42 through the 
upregulation of HO-1 expression via activation of the PI3K/
Akt/Nrf2 signaling pathway.

ROS, including O2−, H2O2, HO2− and –OH, are gener-
ated in aerobic cells during the processes of metabolism. 
Adjusting the concentration of ROS plays a key role in keep-
ing the balance between death and survival and in inducing 
apoptosis and necrosis. The more extended physiological 
significance of low concentrations of ROS is that a number 
of signaling pathways will be activated, triggering transcrip-
tion factors and promoting cell proliferation, differentiation 
and regeneration [22]. In fact, previous studies have focused 
on the high level of damage, such as apoptosis and necrosis, 
that ROS causes to cells through oxidative stress [23, 24]. 
In our study, after Aβ1–42 treatment, ROS production was 
significantly augmented, the proliferation of PC12 cells was 
inhibited, and more cells were dying. However, resveratrol 
treatment could counteract the effects of Aβ1–42 on PC12 
cells in a concentration- and time-dependent manner. In 
addition to detecting the changes in ROS as an indicator 
of oxidative stress, we also examined the concentrations of 
other important factors: GSH, MDA and SOD. In keeping 
with previous oxidative stress findings, we found that the 
concentration of MDA was significantly increased in PC12 
cells pretreated with Aβ1–42 and that resveratrol decreased 
MDA in a concentration-dependent manner. In contrast, the 
concentrations of GSH and SOD were remarkably decreased 
in PC12 cells with Aβ1–42 treatment, and resveratrol could 
increase the concentration of GSH and SOD. It suggested 
that the concentrations of ROS, MDA, GSH and SOD were 
implicated in the development of AD and that resveratrol 
played its neuroprotective roles by either decreasing the 
expression of both GSH and SOD or by increasing both ROS 
and MDA to exert a direct free radical scavenging effect.

HO-1 has been proposed to play a cytoprotective role in 
the regulation of neurons [24]. The molecular basis of the 
cytoprotective action remains to be elucidated, however, the 
products of heme degradation, such as carbon monoxide, 
bilirubin and ferritin, seem to be responsible for the cyto-
protective effect attributed to HO-1. Opii et al. reported that 
HO-1 was low in the brains of AD patients [25], and in 
the present study, the expression of HO-1 was reduced after 
Aβ1–42 treatment in PC12 cells compared with PC12 cells 
without Aβ1–42. Both results were consistent. After resvera-
trol application, the expression of HO-1 was increased in a 
concentration-dependent manner, which suggested that the 
activation of HO-1 may be beneficial to cell proliferation 
and that resveratrol plays a protective role against oxidative 
stress induced by Aβ1–42 through the upregulation of HO-1.

Nrf2 is a transcription factor. Once it is activated by 
oxidative stress, Nrf2 translocates to the nucleus, binds 
to the ARE and activates the transcription of phase II 
genes, including HO-1 [26]. Nrf2 is known to induce the 

expression of a variety of cytoprotective and detoxifica-
tion genes involved in combating not only oxygen radicals 
but also products of oxidation, as well as protein and DNA 
adducts from carbonyls, MDA, or hydroxyl radicals. Thus, 
activation of Nrf2 has been implicated in protecting against 
neurodegenerative conditions, and Nrf2 may be a therapeu-
tic target for conditions that are known to involve oxidative 
stress [27]. It is known that Nrf2 is a key downstream ele-
ment of the PI3K/Akt signaling pathway, which is involved 
in the transduction of various signals from the cell surface 
to the nucleus. When the PI3K/Akt pathway is activated, 
AKT phosphorylates Nrf2; then the sulfhydryl of the Keap-1 
protein physically interacts with Nrf2 and translocates into 
the nucleus, initiating gene transcription [28]. A few studies 
have shown that resveratrol could induce HO-1 expression 
through the PI3K/Akt/Nrf2 pathway in some cells, such as 
malignant pleural mesothelioma MSTO-211H cells [29], 
malignant hepatoma H22 cells [30], primary cortical neu-
rons and astrocytes [31], but there has not been report about 
whether resveratrol plays a role in inducing HO-1 by activat-
ing the pathway in AD. Therefore, we assumed that resvera-
trol upregulated HO-1 expression through activation of the 
PI3K/Akt signaling pathway, which appears to be respon-
sible for nuclear translocation of Nrf2. In the present study, 
our results showed that resveratrol significantly increased 
the expression of PI3K, p-Akt and Nrf2 at the protein level, 
which was reversed by the PI3K inhibitor LY294002, Nrf2 
siRNA and the HO-1 inhibitor ZnPP.

In summary, the study has proven that resveratrol has a 
neuroprotective effect against oxidative stress induced by 
Aβ1–42 in PC12 cells by activating the PI3K/Akt/Nrf2 signal-
ing pathway and consequently upregulating HO-1 (Fig. 6). 

Fig. 6   A potential mechanism for the cytoprotective effects of resver-
atrol against oxidative stress induced by Aβ1–42 in PC12 cells through 
up-regulation of HO-1 via activating PI3k/Akt/Nrf-2 signaling path-
way
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This finding may have therapeutic implications as resveratrol 
could be an effective therapeutic drug for the treatment of 
AD, using the mechanism of HO-1 induction through the 
activation of the PI3K/Akt and Nrf pathway. Further studies 
should be carried out in vivo to determine whether resvera-
trol may be beneficial in treating AD.
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