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Nuclear factor E2-related factor 2 (Nrf2)/antioxidant response element (ARE) pathway is an important
cellular stress response pathway involved in neuroprotection. We previously screened several natural
phytochemicals and identified plumbagin as a novel activator of the Nrf2/ARE pathway that can protect
neurons against ischemic injury. Here we extended our studies to natural and synthetic derivatives of
plumbagin. We found that 5,8-dimethoxy-1,4-naphthoquinone (naphthazarin) is a potent activator of
the Nrf2/ARE pathway, up-regulates the expression of Nrf2-driven genes in primary neuronal and glial
cultures, and protects neurons against glutamate-induced excitotoxicity.

Published by Elsevier Inc.

1. Introduction

Extracellular accumulation of glutamate has been linked to neu-
ronal death associated with acute damage (i.e. stroke, spinal cord
and head trauma), as well chronic neuropathologies such as Alzhei-
mer’s, Parkinson’s and Huntington’s diseases [1]. Glutamate excito-
toxicity results from the over-stimulation of postsynaptic glutamate
receptors with massive calcium influx leading to rapid mitochon-
drial calcium overload and mitochondrial generation of reactive
oxygen species (ROS) [1,2]. The increased ROS levels cause oxidative
damage within the postsynaptic neurons, and can be released from
them propagating the damage to surrounding cells [1,2].

The nuclear factor E2-related factor 2 (Nrf2)/antioxidant re-
sponse element (ARE) pathway is a critical signaling pathway reg-
ulating antioxidants and phase II detoxification enzymes, such as
heme oxygenase 1 (HO1), NAD(P)H quinone oxidoreductase 1
(NQO1), and thioredoxin reductase 1 (TrxR1). The importance of
Nrf2 in protecting cells against toxins and in pathological condi-
tions characterized by enhanced oxidative stress has been clearly

Abbreviations: ARE, antioxidant response element; HO1, heme oxygenase 1;
Nrf2, nuclear factor E2-related factor 2; NQO1, NAD(P)H quinine oxidoreductase 1;
ROS, reactive oxygen species; TrxR1, thioredoxin reductase 1.
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demonstrated using siRNA methodologies and Nrf2 knockout mice
[3]. Furthermore, activation of the Nrf2/ARE pathway has beneficial
roles in cell culture and animal models of neurodegenerative dis-
eases, including Alzheimer’s and Parkinson’s diseases [3-5].

We previously screened natural botanical pesticides for their
ability to activate adaptive stress response pathways, and identi-
fied plumbagin as a novel Nrf2/ARE activator and anti-ischemic
compound [6]. In the present study we further our findings testing
natural and synthetic plumbagin analogs with the aim to identify
stronger Nrf2 activators and potential neuroprotective agents.
Among the various analogs examined, naphthazarin showed high-
er levels of Nrf2/ARE activation than plumbagin in stable ARE re-
porter HepG2 cells. Naphthazarin induced expression of
endogenous ARE-mediated target genes in primary neuronal and
astrocytes cultures. Furthermore, naphthazarin protected neurons
against glutamate-induced cell death and reduced a-fodrin cleav-
age in primary neurons.

2. Materials and methods
2.1. Cell culture

The Nrf2 reporter cell line ARE-bla HepG2 was purchased from
Invitrogen (Carlsbad, CA, USA) and maintained in Dulbecco’s Mod-
ified Eagle’s Medium (DMEM) supplemented with 10% dialyzed fe-
tal bovine serum, 2 mM GlutaMAX, 0.1 mM non essential amino
acids, 25 mM HEPES, 1% penicillin/streptomycin, and 5 pg/ml
of blasticidin (Invitrogen) at 37°C in a humidified 5% CO,
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Fig. 1. Naphthazarin activates the Nrf2/ARE pathway in ARE-bla Hep G2 cells. (A) Chemical structure of plumbagin and its analogs tested in the study. 1: Plumbagin, 2: 2-
Methyl-1-Tetralone, 3: 5-Methoxy-1-Tetralone, 4: 5,8-Dimethoxy-1-Tetralone, 5: 5-Hydroxy-1-Tetralone, 6: 7-Hydroxy-1-Tetralone, 7: 5-Methoxy-1-methyl-2-Tetralone, 8:
5,8-Dihydroxy-1,4-naphthoquinone, 9: 1,2,3,4-Tetraoxo-1,2,3,4-tetrahydronaphthalene Dihydrate, 10: 4,7-Dihydroxy-3-methyl-indan-1-one, 11: 1,4-Dihydroxy-7,8-dihy-
dro-6H-benzocycloheptene-5,9-dione, 12: 2-Hydroxy-2-(2-methyl-2,3-dihydro-1H-indol-5-yl)-1H-indene-1,3(2H)-dione, 13: 4-Benzhydryl-N-phenyl-1-piperazinecarboxa-
mide, B and C. ARE-bla Hep G2 cells were treated with 5 uM sulforaphane (SF) or 1 uM of the various compounds. After 24 h, cell viability (B) and ARE reporter activity (C)
were assessed using MTS and B-lactamase activity assays respectively. Data are mean and S.E.M. *p < 0.05, **p < 0.01 and ***p < 0.001 vs. control.

atmosphere. Blasticidin was removed from the medium during
experimental treatments. Neuronal cultures were generated as
previously described [6] and plated at 0.1 x 10° cells/cm? in Neu-
robasal medium supplemented with B27 (Invitrogen). Experiments
were performed using 9- to 10-day-old cultures. Primary astro-
cytes cultures were generated from postnatal Sprague-Dawley rats
as described [7]. Cultures were maintained in DMEM with 10% ser-
um for 2-3 weeks, at which time microglia were removed by shak-
ing and adherent astrocytes were passaged.

2.2. Cell viability and Nrf2/ARE reporter assay

ARE-bla HepG2 cells (5000 cells in 100 pl of medium) were
seeded in 96-well plates 24 h before treatment with the indicated
concentration of 5,8-dihydroxy-1,4-naphthoquinone (naphthaza-
rin) (Sigma, St. Louis. MO). Cell viability was measured 24 h post-
treatment using Celltiter 96® AQugous One Solution reagent (Pro-
mega, Madison, WI, USA). B-Lactamase activity was measured
according to the manufacturer’s instructions (Invitrogen).
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2.3. Western blot analysis

Cell lysates were processed for Western blot analysis as previ-
ously described [6]. Equal amounts of protein were separated by
SDS-PAGE, transferred onto nitrocellulose membranes, and probed
with antibodies against heme oxygenase 1 and thioredoxin reduc-
tase 1 (Santa Cruz Biotechnology, Santa Cruz, CA), glial fibrillary
acid protein (GFAP) (Abcam, Cambridge, MA), a-fodrin (Millipore,
Billerica, MA), and GAPDH (clone 6C5; Advanced Immunochemical
Inc., Long Beach, CA). Immunoreactive bands were detected using
HRP-conjugated secondary antibody (Amersham Bioscience, Pis-
cataway, N]) and chemiluminescence (Pierce). Autoradiograms
were quantified using image ] software.

2.4. Statistical analysis

Statistical analysis was performed by Student’s t-test or analysis
of variance (ANOVA) as appropriate. The results are expressed as
mean + S.EM. Values of p<0.05 were considered statistically
significant.

3. Results

3.1. Naphthazarin activates the Nrf2/ARE pathway in stable ARE-bla
Hep G2 cell line

Plumbagin (5-hydroxy-2-methyl-1,4-naphthoquinone) (Fig. 1A
structure 1) is a natural quinoid with several therapeutic properties
[6,8,9]. We investigated the ability of various structural analogs of
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plumbagin (Fig. 1A) for their ability to induce ARE-mediated tran-
scription using the stable ARE reporter cell line ARE-bla Hep G2.
None of the compounds tested showed toxicity at the concentration
utilized for the reporter assay (Fig. 1B). Compounds 7-Hydroxy-1-
Tetralone, 5-Methoxy-1-methyl-2-Tetralone, 4,7-Dihydroxy-3-
methyl-indan-1-one, 1,4-Dihydroxy-7,8-dihydro-6H-benzocyclo-
heptene-5,9-dione and 2-Hydroxy-2-(2-methyl-2,3-dihydro-1H-
indol-5-yl)-1H-indene-1,3(2H)-dione showed similar or lower
ARE-inducing activity compared to plumbagin (Fig. 1C). However
5,8-dihydroxy-1,4-naphthoquinone (naphthazarin) displayed sig-
nificantly higher activity than plumbagin (Fig. 1C).

3.2. Naphthazarin induces endogenous ARE-mediated target genes in
primary neuronal cultures

We then tested the ability of naphthazarin to induce the expres-
sion of endogenous ARE-mediated target genes in primary neuro-
nal cultures. Neurons and astrocytes were treated with different
concentrations of naphthazarin for 6 and 24 h and levels of HO1
and TrxR1, respectively, were determined by immunoblotting. In
both cell types naphthazarin increased the expression levels of
the proteins in a concentration-dependent fashion (Fig. 2B) vali-
dating its use as an Nrf2/ARE activator.

3.3. Naphthazarin protects against neuronal cell death and reduces o-
fodrin cleavage induced by glutamate in rat primary neurons

In order to test the neuroprotective potential of naphthazarin
we used an acute excitotoxic cell culture model. Neuronal cultures
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Fig. 2. Naphthazarin induces ARE-mediated target genes in rat primary cultures. Representative immunoblots and quantification data of HO1 and TrxR1 expression in
neurons (A) and astrocytes (B) following treatment with the indicated concentrations of naphthazarin. Data are mean and S.E.M. (n = 3). *p < 0.05, **p < 0.01 and ***p < 0.001

vs. control.
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Fig. 3. Naphthazarin protects neurons against glutamate excitotoxicity. Primary rat neuronal cultures were pretreated with the indicated concentration of naphthazarin for
6 h and exposed to 200 uM of glutamate for 16 h. Cell viability was determined by MTS assay (A), and a-fodrin cleavage by Western blot (B). GAPDH was used as control for
equal loading. Data are mean and S.E.M. (n = 3). **p < 0.001 vs. control; #p < 0.05 and ##p <001 vs. glutamate treated cells.

were treated with the indicated concentrations of naphthazarin for
6 h and were then subjected to glutamate challenge for 16 h. A sig-
nificant decrease in cell survival (Fig. 3A) paralleled by enhanced
o-fodrin cleavage (Fig. 3B) was observed in glutamate-treated
cells. However, naphthazarin pretreated cells displayed signifi-
cantly higher resistance to glutamate excitotoxicity (Fig. 3A), as
well decreased a-fodrin cleavage (Fig. 3B).

4. Discussion

Activation of the Nrf2/ARE pathway has been shown to counter-
act neurotoxicity resulting from glutathione depletion, intracellu-
lar calcium overload, mitochondria dysfunction, increased ROS

and lipid peroxidation in different experimental models [10-11].
Given its multiple roles in regulating cell homeostasis the Nrf2/
ARE pathway is considered a promising therapeutic target for neu-
rodegenerative disorders [3,4]. Over the past decades several phy-
tochemicals have been identified as Nrf2 inducers and
neuroprotective agents. For example, sulforaphane protects against
hydrogen peroxide-, glutamate-, and 6-hydroxydopamine-induced
toxicity in cultured neurons and in vivo [12-13]. The naphthoqui-
nones plumbagin and curcumin reduce brain damage and amelio-
rate the associated neurological deficits in a model of focal
ischemia through Nrf2-dependent mechanisms [6,14]. Licochal-
cone has anti-inflammatory and cytoprotective effects that are
attenuated by siRNA-mediated Nrf2 silencing [15].
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In most cases the study of potential neuroprotective agents is
restricted to pure neuronal cultures. However astrocytes play a
critical role in maintaining normal brain physiology and respond-
ing to injury or diseases. In addition to structural and metabolic
support, astrocytes are important regulators of extracellular neuro-
transmitters and ion concentrations [16]. Furthermore, Nrf2/ARE
responsive genes appear to be preferentially activated in astro-
cytes, which consequently may have stronger detoxification and
antioxidant potential than neurons [17-19]. It is reasonable that
agents able to modulate the Nrf2/ARE pathway both in neurons
and astrocytes may provide a better protective spectrum. Here
we show that, contrary to many known Nrf2 activators, naphthaz-
arin can induce the expression of endogenous HO-1 and TrxR1 pro-
teins both in neurons and astrocytes. Furthermore, we found that
naphthazarin protects neurons against glutamate-induced -cell
death. Glutamatergic intracellular calcium mobilization in neuro-
nal cells is crucial for neurotoxicity-induced death. In addition to
impairment of mitochondrial functions and induction of oxidative
stress, the elevation of intracellular calcium levels leads to the
overstimulation of proteolytic enzymes such as calpains and casp-
ases [1,20]. We found that in our experimental conditions gluta-
mate induced the accumulation of the calpain-specific 150 kDa
o-fodrin cleavage product (Fig. 3B). Notably, we found that naph-
thazarin attenuates the generation of the a-fodrin cleavage prod-
uct suggesting that naphthazarin may reduce intracellular
calcium levels. Although it is not known whether naphthazarin
regulates neuronal calcium homeostasis via Nrf2/ARE-responsive
genes, previous observations revealed an important role for Nrf2
in the maintenance of calcium homeostasis by showing that
Nrf2~/~ neurons are more sensitive to increased intracellular cal-
cium concentrations induced by ionomycin [21].

In conclusion, our findings identify naphthazarin as a novel po-
tent Nrf2/ARE activator in neurons and astrocytes. In addition to
inducing detoxification and antioxidant proteins, naphthazarin
attenuates intracellular calcium-dependent protease activity and
protects cortical neurons against glutamate-mediated excitotoxic-
ity. These findings imply that naphthazarin may have therapeutic
potential for various neurological diseases.
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