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Abstract Neuronal cell death caused by oxidative stress

is common in a variety of neural diseases and can be

investigated in detail in cultured HT22 neuronal cells,

where the amino acid glutamate at high concentrations

causes glutathione depletion by inhibition of the glutamate/

cystine antiporter system, intracellular accumulation of

reactive oxygen species (ROS) and eventually oxidative

stress-induced neuronal cell death. Using this paradigm, we

have previously reported that resveratrol (3,5,40-trans-tri-

hydroxystilbene) protects HT22 neuronal cells from glu-

tamate-induced oxidative stress by inducing heme

oxygenase (HO)-1 expression. Piceatannol (3,5,40,30-trans-

trihydroxystilbene), which is a hydroxylated resveratrol

analog and one of the resveratrol metabolites, is estimated

to exert neuroprotective effect similar to that of resveratrol.

The aim of this study, thus, is to determine whether

piceatannol, similarly to resveratrol, would protect HT22

neuronal cells from glutamate-induced oxidative stress.

Glutamate at high concentrations induced neuronal cell

death and ROS formation. Piceatannol reduced glutamate-

induced cell death and ROS formation. The observed cy-

toprotective effect was much higher when HT22 neuronal

cells were pretreated with piceatannol for 6 or 12 h prior to

glutamate treatment than when pretreated for 0.5 h.

Piceatannol also increased HO-1 expression and HO

activity via its activation of nuclear factor-E2-related factor

2 (Nrf2). Interestingly, neuroprotective effect of piceatan-

nol was partly (but not completely) abolished by either

down-regulation of HO-1 expression or blockage of HO-1

activity. Taken together, our results suggest that piceatan-

nol, similar to resveratrol, is capable of protecting HT22

neuronal cells against glutamate-induced cell death, at least

in part, by inducing Nrf2-dependent HO-1 expression.
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Abbreviations

ARE Antioxidant responsive element

DCF-DA 20,70-Dichlorofluorescein diacetate

DMEM Dulbecco’s modified Eagle’s medium

ELISA Enzyme-linked immunosorbent assay

Glu Glutamate

HO-1 Heme oxygenase-1

MAPK Mitogen-activated protein kinase

MTT 3-(4,5-Dimethyl-2-thiazolyl)-

2,5-diphenyltetrazolium bromide

Nrf2 Nuclear transcription factor-E2-related factor 2

OD Optical density

PBS Phosphate-buffered saline

Pic Piceatannol

PI3K Phosphoinositide 3-kinase

PKC Protein kinase C

ROS Reactive oxygen species

siRNA Small interfering RNA

SnPP Tin protoporphyrin IX (SnPP)

RuCO Tricarbonyldichlororuthenium-(II)-dimer
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Introduction

Glutamate (Glu) is an acidic amino acid with multiple

roles in cell metabolism and physiology. When acting as

an endogenous excitatory neurotransmitter, Glu is esti-

mated to be used mainly in the central nervous system. At

its high concentrations, Glu causes neuronal cell death,

which contributes to the development of neurodegenera-

tive diseases (Fukui et al. 2010). Glu-induced neuronal

cell death is mediated by Glu receptor-mediated excito-

toxicity and non-receptor-mediated oxidative toxicity

(Fukui et al. 2010). Oxidative toxicity of Glu is initiated

by high concentrations of extracellular Glu that can pre-

vent cystine uptake into the cells via the cystine/Glu

antiporter system, thereby resulting in depletion of intra-

cellular cysteine and glutathione (Fukui et al. 2010).

Depletion of the endogenous antioxidant glutathione

induces excessive reactive oxygen species (ROS) accu-

mulation, resulting in oxidative stress and subsequent

neuronal cell death.

Although the production of ROS, including superoxide,

hydroxyl radicals and peroxides such as hydrogen perox-

ide (H2O2), and their detoxification are normal physio-

logical processes, an imbalance between ROS production

and their removal leads to oxidative stress, which plays a

crucial role in the development of the most common

neurodegenerative diseases, namely Alzheimer’s disease

and Parkinson’s disease (Jomova et al. 2010). Whether the

oxidative stress is a cause or consequence of these neu-

rodegenerative diseases, however, remains to be eluci-

dated. A growing body of evidence suggests that oxidative

stress directly initiates and progresses to neuronal cell

death (Panickar and Anderson 2011; Kelsey et al. 2010;

Esposito and Cuzzocrea 2010; Eghwrudjakpor and Allison

2010; Jellinger 2009). Therefore, a key therapeutic inter-

vention would be used to reduce cellular levels of oxida-

tive stress and/or to enhance cellular resistance to

oxidative stress. Because naturally occurring antioxidants,

such as phenolic compounds, can prevent neuronal cell

death by scavenging of ROS and/or enhancing the cellular

antioxidant system (Panickar and Anderson 2011; Kelsey

et al. 2010), they may be thought to be potential neuro-

protective agents.

Heme oxygenase-1 (HO-1) is a rate-limiting enzyme in

heme degradation to produce free iron, carbon monoxide

(CO) and biliverdin/bilirubin, thereby detoxifying the del-

eterious effects of the pro-oxidant heme (Kim et al. 2011;

Pae et al. 2008, 2010; Jazwa and Cuadrado 2010). HO-1

expression is primarily regulated at the transcriptional

level, and its induction by various inducers is related to the

nuclear transcription factor-E2-related factor 2 (Nrf2)

(Pae et al. 2008). Nrf2 is a basic leucine zipper

transcription factor that resides in the cytoplasm bound to

its inhibitor protein, Keap 1, and translocates to the nucleus

after stimulation. It then forms heterodimers with small

oncogene family proteins for the selective recognition of

the antioxidant responsive element (ARE) on target genes,

resulting in the regulation of gene expression of phase II

detoxifying enzymes, including HO-1 (Pae et al. 2008).

HO-1 expression can be induced by the HO substrate heme

and various oxidative agents, strongly suggesting that

HO-1 expression is an important cytoprotective/defense

mechanism against oxidative injury (Pae et al. 2008).

Although conflicting results have been published about the

role of HO-1 in neuronal survival and protection, it has

been increasingly clear that HO-1 expression is neuropro-

tective in various neuronal disease models associated with

oxidative stress (Jazwa and Cuadrado 2010).

Piceatannol (Pic), which is first isolated from the seeds

of Euphorbia lagascae (Euphorbiaceae), is a naturally

occurring analog of resveratrol and this phenolic com-

pound has been also identified as one of resveratrol

metabolites (Piotrowska et al. 2012). In contrast to the

extensive investigation on resveratrol, little is known about

the biological effects of Pic. Because Pic is generated

during phase I metabolism of resveratrol by cytochrome

P450 enzymes, and represents one of its main phase I

metabolites (Piotrowska et al. 2012), it was therefore

hypothesized that Pic may have biological activities similar

to those of resveratrol. Pic (3,5,40,30-trans-trihydroxystil-

bene; its chemical structure shown in Fig. 1a) possesses an

additional hydroxyl group at the 30 position of resveratrol

(3,5,40-trans-trihydroxystilbene). Although Pic, partly due

to such a difference in the chemical structure, has a

stronger antioxidant activity than resveratrol (Piotrowska

et al. 2012), whether Pic would also exert other biological

effects similar to those of resveratrol remains to be

determined.

Previously, we have demonstrated that resveratrol can

attenuate neuronal cell death caused by oxidative stress via

its expression of the antioxidant/cytoprotective HO-1 (Kim

et al. 2012). Whether Pic, similar to resveratrol, could also

prevent neuronal cell death caused by oxidative stress by

inducing HO-1 expression is currently unknown; and was

therefore investigated in this study. Neuronal cell death

caused by oxidative stress can be investigated in detail in

cultured HT22 neuronal cells, where Glu at high concen-

trations causes glutathione depletion by inhibition of the

cystine/Glu antiporter system, intracellular ROS accumu-

lation and oxidative stress-induced neuronal cell death

(Fukui et al. 2010). Using this paradigm, we investigated

whether Pic could prevent neuronal cell death caused by

Glu-mediated oxidative stress by inducing HO-1

expression.
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Materials and methods

Reagents and antibodies

Pic, Dulbecco’s modified Eagle’s medium (DMEM),

hemin, 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyltetrazoli-

um bromide (MTT), NADPH, glucose-6-phosphate dehy-

drogenase, glucose-6-phosphate, 20,70-dichlorofluorescein

diacetate (DCF-DA), tin protoporphyrin IX (SnPP), H2O2,

bilirubin, tricarbonyldichlororuthenium-(II)-dimer (RuCO)

and Glu were purchased from Sigma-Aldrich (St. Louis,

MO, USA). Antibodies against HO-1, lamin B, Nrf2 and b-

actin and small interfering RNA (siRNA) products against

HO-1 and Nrf2 were obtained from Santa Cruz Biotech-

nology (Santa Cruz, CA, USA). All other reagents used

were of analytical grade.

Cell culture

HT22 neuronal cells (a gift from Prof. Youn-Chul Kim

at college of pharmacy, Wonkwang university) were

maintained at 5 9 105 cells per 1 ml in DMEM medium

supplemented with 10 % heat-inactivated fetal bovine

serum (Invitrogen, Carlsbad, CA, USA), penicillin G (100

units/ml), streptomycin (100 mg/ml), and L-glutamine

(2 mM) and were incubated at 37 �C in a humidified

atmosphere containing 5 % CO2 and 95 % air.

MTT assay

Cell viability was determined by a modified MTT reduc-

tion assay. MTT is a pale yellow substance that is reduced

by living cells to yield a dark blue formazan product. This

process requires active mitochondria, and even fresh dead

cells do not reduce significant amounts of MTT. HT22

neuronal cells were cultured in a 96-well flat-bottom plate

at concentration of 5 9 105 cells/ml. After 12 h of pre-

conditioning, the cells were treated with various concen-

trations of Pic for 24 h. Thereafter, culture medium was

aspirated and 100 ll of MTT dye (1 mg/ml in phosphate-

buffered saline) was added; the cultures were incubated for

4 h at 37 �C. The formazan crystals produced through dye

reduction by viable cells were dissolved using acidified

isopropanol (0.1 N HCl). Index of cell viability was cal-

culated by measuring the optical density of color produced

by MTT dye reduction at 570 nm.

ROS measurement

For measurement of ROS, HT22 neuronal cells (2.5 9 104

cells/ml in 24-well plates) were pretreated for 6 h with Pic,

and then exposed to 2 mM Glu for 6 h. After washing with

phosphate-buffered saline (PBS), the cells were stained

with 10 lM DCF-DA in Hanks’ balanced salt solution for

30 min in the dark. The cells were then washed twice with

PBS and extracted using 1 % Triton X-100 in PBS for

10 min at 37 �C. Fluorescence was recorded at an excita-

tion wavelength of 490 nm and emission wavelength of

525 nm (Spectramax Gemini XS; Molecular Devices,

Sunnyvale, CA, USA).

Western blot analysis

Proteins isolated from HT22 neuronal cells were separated

by 10 % SDS-PAGE denaturing gels and transferred to

nitrocellulose membranes. After blocking, the membranes

were incubated with antibodies against HO-1 (1:1000

dilution) or b-actin (1:1000 dilution) at 4 �C overnight.

Afterward, membranes were incubated with horseradish

peroxidase-conjugated secondary antibodies for 1 h at

room temperature. Specific bands were detected using

enhanced chemiluminescence detection system (Amersham

Biosciences Inc., Piscataway, NJ, USA), and the mem-

branes were exposed to X-ray film.

Fig. 1 Pic protects HT22 neuronal cells from Glu- and H2O2-

mediated oxidative injury. a Chemical structure of Pic. b Cells were

incubated for 24 h with indicated concentrations of Pic. c Cells were

pretreated for 6 h with indicated concentrations of Pic, and then

exposed to 2 mM Glu for 24 h. d Cells pretreated for 6 h with

indicated concentrations of Pic were exposed to 100 lM H2O2 for

24 h. Cell viability was assessed by MTT assay. Values calculated as

percentages of control (con) cells are presented as mean ± SEM

(n = 3). *P \ 0.05 vs. con and **P \ 0.05 vs. Glu
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HO activity measurement

HO activity was determined at the end of each treatment, as

described previously (Kim et al. 2012). Briefly, harvested

cells were subjected to three cycles of freeze-thawing

before addition to a reaction mixture consisting of phos-

phate buffer (1 ml final volume, pH 7.4) containing mag-

nesium chloride (2 mM), NADPH (0.8 mM), glucose-6-

phosphate (2 mM), glucose-6-phosphate dehydrogenase

(0.2 Units), rat liver cytosol as a source of biliverdin

reductase, and the substrate hemin (20 lM). The reaction

mixture was incubated in the dark at 37 �C for 1 h and was

terminated by the addition of 1 ml of chloroform. After

being vigorously vortexed and centrifuged, the extracted

bilirubin in the chloroform layer was measured by the

difference in absorbance between 464 and 530 nm

(e = 40 mM-1 cm-1). The absorbance values recorded for

each sample were normalized to lg of protein and the

values were presented as the percentage of the control

value.

HO-1 and Nrf2 siRNA transfection

HT22 neuronal cells were transiently transfected with

siRNA targeting to HO-1 or Nrf2 by Lipofectamine

2000TM (Invitrogen) according to the manufacturer’s

protocol. The knockdown efficiency of HO-1 and Nrf2 was

determined by Western blot analysis using anti-HO-1 and

Nrf2 antibodies. After 24 h of transfection, the cells were

pretreated with 10 lM Pic for 6 h. Then, the cells were

stimulated with culture medium supplemented with 2 mM

Glu for 24 h.

Nuclear Nrf2-ARE binding assay

The amount of Nrf2 available in the nucleus to bind to

AREs was determined using an enzyme-linked immuno-

sorbent assay (ELISA)-based TransAMTM Nrf2 kit (Active

Motif, Carlsbad, CA, USA). Briefly, nuclear extracts were

added to wells containing the immobilized consensus ARE

oligonucleotide. A primary antibody against Nrf2 was

added to each well, and a secondary antibody conjugated to

horseradish peroxidase that binds to the primary (Nrf2)

antibody, then, was added to each well. The signal was

detected at 450 nm, and Nrf2-ARE binding activity was

reported as optical density (OD) units at 450 nm.

Statistical analysis

Data are expressed as mean ± SEM. One-way analysis of

variance procedures were used to assess significant dif-

ferences among treatment groups. For each treatment

showing a statistically significant effect, the Newman–

Keuls test was used for comparisons of multiple group

means. The criterion for statistical significance was set at

P \ 0.05.

Results

Pic reduces Glu-induced cytotoxicity and ROS

accumulation

HT22 neuronal cells were treated with different concen-

trations of Pic, and cell viability was performed after

incubation for 24 h. As shown in Fig. 1b, no cytotoxic sign

was observed up to 10 lM Pic. However, the cell viability

was significantly reduced at 20 and 40 lM Pic. Therefore,

maximum concentration was limited to 10 lM Pic in all

subsequent experiments. As previously reported (Fukui

et al. 2010), incubation of a high dose of Glu (2 mM) for

24 h markedly reduced the viability of HT22 neuronal cells

(Fig. 1c). Interestingly, pretreatment with Pic for 6 h pro-

tected HT22 neuronal cells against Glu-induced cytotox-

icity (Fig. 1c). Pic was also cytoprotective against H2O2-

induced cytotoxicity (Fig. 1d). It should be noted that the

cytoprotective effect of Pic was much higher when HT22

neuronal cells were pretreated with Pic for 6 or 12 h prior

to Glu treatment than when pretreated for 0.5 h (Fig. 2a).

In other experimental sets, Glu markedly increased intra-

cellular ROS accumulation in HT22 neuronal cells, which

was significantly reduced when the cells were pretreated

with Pic for 6 h prior to Glu treatment (Fig. 2b).

Fig. 2 Pretreatment of HT22 neuronal cells with Pic reduces more

effectively Glu-mediated oxidative injury and ROS accumulation.

a Cells were pretreated for indicated times with 10 lM Pic, and then

exposed to 2 mM Glu. b Cells pretreated for 6 h with 10 lM Pic were

exposed to 2 mM Glu for 12 h. Cell viability and ROS accumulation

were assessed by MTT assay and DCF fluorescence measurement,

respectively. Values calculated as percentages of control (con) cells

are presented as mean ± SEM (n = 3). *P \ 0.05 vs. con and

** P \ 0.05 vs. Glu
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Pic induces HO-1 expression via Nrf2 activation

Previously, we have shown that resveratrol is capable of

inducing HO-1 expression in HT22 neuronal cells (Kim et al.

2012). Considering the close similarity between chemical

structures of resveratrol and Pic, we examined whether Pic,

similarly to resveratrol, could also induce HO-1 expression

in HT22 neuronal cells. At its non-cytotoxic concentrations,

Pic increased HO-1 expression in a time- and concentration-

dependent manner (Fig. 3a, b), which was paralleled by

increased HO activity (Fig. 3c, d). Moreover, treatment of

HT22 neuronal cells with Pic resulted in a time-dependent

increase in Nrf2 protein in the nucleus, along with a signif-

icant decrease in Nrf2 protein in the cytoplasm (Fig. 4a). To

study Nrf2 activation, the nuclear extract of HT22 neuronal

cells was isolated and the binding of Nrf2 to ARE was

quantified using a TransAM assay. Pic increased Nrf2 acti-

vation in a concentration-dependent manner (Fig. 4b). Next,

we conducted the experiments of Nrf2 knockdown by using

Nrf2 siRNA to investigate whether Nrf2 activation would

mediate HO-1 expression. HO-1 expression by Pic was

prevented by siRNA against Nrf2 (Fig. 4c).

Cytoprotection by Pic correlates with HO-1 expression

In order to assess the potential role of HO-1 in Pic-induced

cytoprotection, HT22 neuronal cells were pretreated with

10 lM Pic for 6 h in the presence or absence of HO-1

siRNA, a specific inhibitor of HO-1 expression, or SnPP, a

competitive inhibitor of HO-1 activity, followed by Glu

treatment. As shown in Fig. 5a, cytoprotective effect of Pic

was partly (but not completely) abolished by either HO-1

siRNA or SnPP. In addition, we examined whether HO-1

Fig. 3 Pic induces HO-1 expression in HT22 neuronal cells.

a Proteins were isolated from cells incubated with 10 lM Pic for

indicated times, and Western blot analysis for HO-1 was performed.

b Proteins were isolated from cells incubated for 6 h with indicated

concentrations of Pic, and Western blot analysis for HO-1 and HO

enzyme activity measurement was performed. c HO enzymes were

isolated from cells incubated with 10 lM Pic for indicated times, and

HO enzyme activity measurement was performed. d HO enzymes

were isolated from cells incubated for 6 h with indicated concentra-

tions of Pic, and HO enzyme activity measurement was performed.

Values calculated as percentages of control (con) cells are presented

as mean ± SEM (n = 3). *P \ 0.05 vs. con

Fig. 4 Pic induces Nrf2 activation in HT22 neuronal cells. a Cytosol

and nuclear proteins were isolated from cells incubated with 10 lM

Pic for indicated times, and Western blot analysis for Nrf2 was

performed. b Nuclear proteins were isolated from cells incubated with

indicated concentration of Pic for 6 h, and Nrf2-ARE binding activity

measurement was performed. c Proteins were isolated from normal or

Nrf2 siRNA-transfected cells treated with 10 lM Pic for 6 h, and

Western blot analysis for HO-1 was performed. Values calculated as

percentages of control (con) cells are presented as mean ± SEM

(n = 3). *P \ 0.05 vs. con

Fig. 5 HO-1 expression mediates cytoprotective effect of Pic against

Glu-mediated oxidative injury in HT22 neuronal cells. a Cells treated

with 10 lM Pic for 6 h in the presence or absence of HO-1 siRNA or

50 lM SnPP were exposed to 2 mM Glu for 24 h. b Cells were

exposed to 2 mM Glu for 24 h in the presence or absence of 20 lM

bilirubin, 20 lM RuCO, or bilirubin plus RuCO. Values calculated as

percentages of control (con) cells are presented as mean ± SEM

(n = 3). *P \ 0.05 vs. con, **P \ 0.05 vs. Glu and ***P \ 0.05 vs.

Glu ? Pic
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reaction products, such as the antioxidant/cytoprotective

bilirubin and the cytoprotective/anti-inflammatory CO,

could be also protective against Glu-induced cytotoxicity.

As shown in Fig. 5b, both bilirubin and RuCO, a CO

donor, protected HT22 neuronal cells against Glu-induced

cytotoxicity. Interestingly, the combined addition of bili-

rubin and RuCO was more effective in protecting Glu-

induced neuronal cell death than either bilirubin or RuCO

alone (Fig. 5b). HO-1 siRNA, SnPP, bilirubin, and RuCO

alone had no effect on cell viability (not shown).

Discussion

There is considerable current interest in the neuroprotective

effects of natural antioxidants against oxidative stress and

the different defense mechanisms involved. Although the

neuroprotective effects of resveratrol have been exten-

sively studied (Li et al. 2012; Kelsey et al. 2010; Albani

et al. 2010; Sun et al. 2010; Robb and Stuart 2010), whe-

ther the naturally occurring resveratrol analog Pic would

exert a neuroprotective effect was not yet investigated.

This study demonstrates that Pic is capable of protecting

HT22 neuronal cells, which were derived from the

immortalized mouse hippocampal neurons, from oxidative

toxicity caused by high concentrations of the neurotrans-

mitter Glu. Other studies have reported the direct cytotoxic

effects of Pic in several types of tumor cells, although at

micromolar concentrations (Billack et al. 2008; Chowdh-

ury et al. 2005). In line with these findings, Pic reduced cell

viability only at the concentrations above 20 lM under our

experimental conditions. However, Pic appeared to be

predominantly neuroprotective at its lower concentrations.

We also demonstrate that Pic seems to exert a neuropro-

tective effect, at least in part, by inducing Nrf2-dependent

HO-1 expression.

The experiments were carried out in HT22 neuronal

cells, which were previously introduced as an excellent

model system to study mechanisms of Glu-mediated

neurotoxicity and its prevention (Fukui et al. 2010; Yang

et al. 2011). Our experimental protocol follows procedures

outlined in those earlier publications. HT22 neuronal cells

are phenotypically most similar to neuronal precursor cells

and express neuron-specific enolase and neurofilament

proteins (Morimoto and Koshland 1990). HT22 neuronal

cells lack ionotropic Glu receptors, and this, therefore, can

exclude the receptor-mediated excitotoxicity as a cause for

Glu-mediated cell death. Because HT22 neuronal cells

divide rapidly in culture and lack ionotropic Glu receptors,

they have been widely used to examine the in vitro effects

of Glu-induced intracellular oxidative stress on neuronal

cells. Indeed, a number of studies have shown that Glu at

high concentrations could induce intracellular oxidative

stress and subsequent cell death in HT22 neuronal cells by

inhibiting cystine uptake, which results in decreased

intracellular glutathione levels and ultimately in oxidative

stress and cell death (Fukui et al. 2010). PC12 cells, which

were developed from rat adrenal pheochromocytoma cells,

have also been used to study the mechanisms of Glu-

mediated neurotoxicity (Tan et al. 2013). However, in these

cells the cytotoxicity caused by Glu may be attributed to

both the presence of ionotropic Glu receptors and the

blockade of cystine uptake into the cell via its inhibition of

the Glu/cystine antiporter.

Oxidative neuronal cell death is thought to contribute

importantly to neuronal injury and degeneration in many

brain disorders (Jomova et al. 2010; Jellinger 2009). Thus,

agents that can prevent neuronal ROS formation and/or

oxidative neuronal cell death may have therapeutic

potentials in neurodegenerative diseases associated with

oxidative stress (Kelsey et al. 2010). Using cultured HT22

neuronal cells, we showed the neuroprotective effect of Pic

against Glu-induced oxidative toxicity. Interestingly, Pic

was also neuroprotective against oxidative toxicity caused

by direct addition of the well-known oxidant hydrogen

peroxide, a relatively stable form of ROS. Thus, it is most

likely that Pic may attenuate neuronal cell death caused by

various types of oxidant, not restricted only to Glu.

The neuroprotective effects of the naturally occurring

phenolic compounds are generally thought to be due to

their direct antioxidant and free radical scavenging prop-

erties. It is, therefore, conceivable that the observed anti-

oxidant effect of Pic, as this phenolic compound reduced

Glu-induced intracellular ROS accumulation, may con-

tribute to the increased resistance of HT22 neuronal cells

against Glu-induced oxidative toxicity. However, the

observed effects might not be solely due to the antioxidant

properties of Pic itself, because pretreatment of the cells

with Pic for 6 or 12 h augmented its ability to attenuate

Glu-induced oxidative toxicity. Alternatively, it is most

likely that Pic might up-regulate and/or activate anti-

oxidant/cytoprotective proteins that could contribute to the

attenuation of Glu-induced oxidative toxicity. Previously,

we have demonstrated that resveratrol, of which chemical

structure is similar to Pic, can reduce Glu-induced oxida-

tive toxicity by inducing HO-1 expression in HT22 neu-

ronal cells (Kim et al. 2012). In this study, we found that

Pic also induced HO-1 expression and increased HO

activity in HT22 neuronal cells, presumably by inducing

Nrf2 activation. Importantly, we have shown here that the

specific down-regulation of HO-1 cellular synthesis using

HO-1 siRNA partly (but not completely) reduced the

ability of Pic to prevent Glu-induced oxidative toxicity,

indicating that HO-1 expression may be, at least in part,

responsible for neuroprotective actions of Pic in HT22

neuronal cells. This result was further confirmed using the
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non-specific HO inhibitor SnPP; SnPP, similar to HO-1

siRNA, partly abrogated the neuroprotective effect of Pic.

It should be noted that Pic, together with HO-1 pathway,

might also activate other cytoprotective pathways, includ-

ing modulation of excitotoxicity, stimulation of nitric oxide

synthase (Frombaum et al. 2011), regulation of mitochon-

drial functions and activation of sirtuins (Frombaum et al.

2011), and overall cytoprotection afforded by Pic could be

achieved by virtue of the concerted actions of the multiple

pathways being activated. It is worth pointing out that

activation of sirtuin 1 by Pic is most likely to contribute to

additional cytoprotective effects of Pic, because resveratrol

prevented cytotoxicity triggered by H2O2 or 6-hydroxy-

dopamine via its activation of sirtuin 1 in SK-N-BE neu-

ronal cells (Albani et al. 2009).

The transcription factor Nrf2 plays a key role in the

ARE-mediated expression of phase II detoxifying and

antioxidant enzymes and stress-inducible proteins (Pae

et al. 2008). In HT22 neuronal cells, Pic increased the

nuclear translocation of Nrf2 and its ARE binding activity,

thereby stimulating the transcriptional activity of Nrf2.

Inhibition of Nrf2 synthesis by the use of siRNA abolished

Pic-induced HO-1 expression, corroborating the role for

Nrf2 as an essential regulator in the Pic-induced HO-1

expression. This is largely consistent with previous find-

ings showing that Pic is capable of inducing HO-1

expression via Nrf2 activation in MCF10A epithelial cells

(Lee et al. 2010) and bovine aortic endothelial cells (Wung

et al. 2006). The upstream signaling events that lead to

nuclear localization of Nrf2 and subsequent expression of

HO-1 include activation of several kinases, such as mito-

gen-activated protein kinases (MAPKs), protein kinase C

(PKC) and phosphoinositide 3-kinase (PI3 K)/Akt (Lee

et al. 2010; Wung et al. 2006). However, activation of these

kinases by Pic may be different in cell type used. In

MCF10A epithelial cells, Pic-induced HO-1 expression

was effectively inhibited by a selective inhibitor of PI3

K/Akt, but the HO-1 expression was not influenced by

inhibitors of MAPKs (Lee et al. 2010). In bovine aortic

endothelial cells, Pic-induced HO-1 expression was

blocked by PKC inhibitors, but inhibitors of PI3 K/Akt or

MAPKs had no significant effect on Pic-induced HO-1

expression (Wung et al. 2006). In HT22 cells, none of

inhibitors of PI3 K/Akt, PKC or MAPKs influenced Pic-

induced HO-1 expression (data not shown). Activation of

other putative kinases that may be involved in Pic-induced

HO-1 expression in HT22 cells is currently under

investigation.

The importance of the HO-1 pathway in physiology and

pathophysiology has been confirmed by many experimental

studies (Pae et al. 2008; Jazwa and Cuadrado 2010). The

beneficial effects of HO-1 expression have been attributed

to several factors, including the degradation of pro-oxidant

heme, formation of biliverdin and/or bilirubin with their

antioxidant properties, as well as the release of CO, which

has cytoprotective and anti-inflammatory effects (Pae et al.

2008). Although the exact mechanisms involved in cyto-

protective actions of the HO-1 system have not been fully

elucidated, one or more of the HO-1 reaction products may

mediate the neuroprotective actions of Pic under our

experimental conditions. This hypothesis was strongly

supported by our data showing the neuroprotective effects

of bilirubin and CO against Glu-induced oxidative toxicity

in HT22 neuronal cells. Overall, our work shows that Pic

can attenuate neuronal cell death caused by oxidative stress

via HO-1 expression in HT22 neuronal cells in vitro and

suggests that pharmacological up-regulation of HO-1

expression may represent a viable clinical strategy for the

prevention of oxidative neuronal damage. It should be

noted that we examined the neuroprotective effect of Pic

against Glu-induced cell death only in in vitro culture

system. Further studies are needed to clarify whether this

effect can be reproduced in an in vivo model of oxidative

neuronal damage. Interestingly, an in vivo study using

mice has demonstrated that resveratrol can induce HO-1

expression in the brain to provide resistance against oxi-

dative stress and the cascade of events that leads to infarct

brain damage after ischemia–reperfusion injury (Sakata

et al. 2010). Considering that Pic is one of resveratrol

metabolites, we speculate that Pic, similarly to resveratrol,

may be also neuroprotective in vivo.

Because Pic is rapidly metabolized in the liver and is

converted mainly to a glucuronide conjugate (Piotrowska

et al. 2012), the concentrations of Pic used in our in vitro

study may not be attained in vivo. It has been demonstrated

that a single intravenous dose of 10 mg/kg Pic in rats

resulted in a decline of plasma concentrations of Pic from

41 to 1 lM in 6 h (Roupe et al. 2006). Similarly, a single

intravenous administration of resveratrol (20 mg/kg) to rats

showed maximum plasma concentrations of resveratrol and

its metabolites in the range from 2 to 13 lM (Yu et al.

2002). However, it has been reported that the poor bio-

availability of resveratrol can be enhanced by various

methods, such as encapsulation with cyclodextrin, formu-

lation with piperine, and incorporation of resveratrol into

microparticles, liposomes, nanocapsules, and emulsion

(Amri et al. 2012). Considering that the chemical structure

of Pic is similar to that of resveratrol, it is most likely that

the poor bioavailability of Pic may be enhanced by similar

methods applied to resveratrol.

In vivo studies have shown that resveratrol is neuro-

protective in both acute neuronal injuries as well as chronic

neurodegenerative diseases. Resveratrol protects spinal

cord neurons from ischemic reperfusion injury (Kaplan

et al. 2005), and mimics ischemic preconditioning in hip-

pocampal slices (Raval et al. 2006). The benefits of
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resveratrol in animal models of Alzheimer disease have

been also investigated (Marambaud et al. 2005). To our

best knowledge, no direct evidence that Pic, similar to

resveratrol, would be neuroprotective in in vivo models of

neuronal diseases is reported in the scientific literature. It is

now clear that Pic, the less-known congener of the famous

resveratrol, is a similarly interesting natural compound

possessing a similarly broad spectrum of biological activ-

ity. Indeed, both Pic and resveratrol protected 6-day-old

primary mixed (glial/neuronal) hippocampal cells against

amyloid b-peptide-mediated cytotoxicity (Bastianetto et al.

2009). In many, although not all, of the experimental

models in which resveratrol exerts a neuroprotective effect,

there was accompanying evidence that resveratrol attenu-

ated neuronal injuries via activation of antioxidant path-

ways (Richard et al. 2011). Because Pic, similar to

resveratrol, activates antioxidant pathways in our in vitro

study and differs from resveratrol only by possessing an

additional hydroxyl group, it is likely that Pic may have an

in vivo neuroprotective effect.

In conclusion, the results of the present study demon-

strate that pretreatment of HT22 neuronal cells with non-

cytotoxic concentrations of Pic can confer a marked pro-

tection against glutamate-induced oxidative toxicity, which

appears to be associated at least in part with Nrf2-depen-

dent HO-1 expression. Although we are not concluding that

HO-1 is the only pathway by which Pic can be neuropro-

tective, we believe that HO-1 may be a unique candidate by

which Pic can induce an endogenous cellular pathway that

leads to building cellular resistance to oxidative stress.

Further studies will be required to understand the exact

mechanisms of overall cytoprotective actions of Pic.

Although Pic showed strong neuroprotective potential

using in vitro model systems, it is not clear whether it

exerts the same effect in vivo, partly because most flavo-

noids are usually extensively metabolized in the body and

their physiological activities could be altered significantly.

Even so, there are a number of reports that antioxidant

phytochemicals contribute to benefits of human health.
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