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ARTICLE INFO ABSTRACT

Article history:

Green plant-origin electrophilic compounds are a newly-recognized class of neuroprotective compounds
that provide neuroprotection through activation of the Nrf2/ARE pathway. Electrophilic hydroquinones
are of particular interest due to their ability to become electrophilic quinones upon auto-oxidation.
Although marine organisms frequently produce a variety of electrophilic compounds, the detailed mech-
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Keywords: ) anisms of action of these compounds remain unknown. Here, we focused on the neuroprotective effects
iﬁ;g“gylc’pho”“e's of strongylophorine-8 (STR8), a para-hydroquinone-type pro-electrophilic compound from the sponge
NrE2 Petrosia (Strongylophora) corticata. STR8 activated the Nrf2/ARE pathway, induced phase 2 enzymes,

and increased glutathione, thus protecting neuronal cells from oxidative stress. Microarray analysis indi-
cated that STR8 induced a large number of phase 2 genes, the regulation of which is controlled by the
Nrf2/ARE pathway. STR8 is the first example of a neuroprotective pro-electrophilic compound from mar-
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ine organisms.

© 2011 Elsevier Inc. All rights reserved.

1. Introduction

Electrophilic compounds have a significant advantage over anti-
oxidant molecules in mediating cytoprotection against oxidative
damage because their actions are more sustained and are amplified
by transcription-mediated signaling pathways [1-5]. Electrophiles
can induce the expression of a set of antioxidant enzymes, called
“phase 2 enzymes”, including NADPH quinone oxidoreductase 1
(NQO1), glutathione S-transferase (GST), heme oxygenase-1
(HO-1), and glutamyl cysteine ligase catalytic subunit (GCLC), all
of which provide efficient cytoprotection by regulating the intracel-
lular redox state [6-8]. Representing a specific transcriptional ele-
ment located in the 5 upstream promoter region of genes that
encode phase 2 enzymes, the antioxidant-responsive element
(ARE) plays a central role in the induction of such enzymes [6-8].

Abbreviations: ARE, antioxidant-responsive element; CA, carnosic acid; DMSO,
dimethyl sulfoxide; GSH, reduced glutathione; GSSG, oxidized glutathione; HO-1,
heme oxygenase-1; MTT, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium
bromide; NQO-1, NADPH quinone oxidoreductase 1; GCLC, glutamyl cysteine ligase
catalytic subunit; GST, glutathione S-transferase; PAT, pathologically-activated
therapeutic; PED, pro-electrophilic drug; RT-PCR, reverse transcription-polymerase
chain reaction; SD, standard deviation; STR, strongylophorine.
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The key cascade involved is the Keap1/Nrf2 pathway, which com-
prises Keap1, a regulator protein, and Nrf2, a transcriptional factor
that binds to the ARE [6-8]. Recently, some electrophilic com-
pounds, including carnosic acid [9-12], curcumin [13,14], sulfora-
phane [15], (-)-epicatechin [16], cystamine [17], and plumbagin
[18], all from green plants, have been reported to protect neurons
against various types of stress in addition to the protection afforded
by synthetic electrophiles such as D1 [19], tert-butyl hydroquinone
[20], Neurite outgrowth-Promoting Prostaglandin 11 [21-23], and
3H-1, 2-dimethiole-3-thione [24]. All of these compounds utilize
the same intracellular signaling pathway (Nrf2/ARE pathway) for
their protective effects [1-24]. Other hopeful candidates of efficient
electrophiles are those from marine organisms, but there are few
reports of such compounds affording cytoprotection against oxi-
dants to date [1-3]. Given our experience with plant metabolites
and the occurrence of similar structural types in marine natural
products, we have been searching for electrophiles from marine
organisms as candidates for neuroprotective compounds. In this
present study, among the vast number of substances produced by
marine organisms we have focused on strongylophorine-8 (STR8)
because it is a para-hydroquinone-type pro-electrophilic com-
pound [25-33]. The STRs are meroditerpenoids that were first iso-
lated from the sponge Strongylophora durissima, collected in Papua
New Guinea and the Philippines [25-27]. These electrophiles were
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previously reported to possess the following biological activities:
antibacterial, antifungal, insecticidal, lethal toxicity toward brine
shrimp, inhibition of the maturation of starfish oocytes, and HIF-1
activation [28-33]. To date no studies of the effects of these com-
pounds on neurons has been reported. As reported herein, we found
that STR8 activated the Nrf2/ARE pathway and protected neuronal
cells against oxidative stress. This paper represents the first report
of a pro-electrophilic compound from a marine organism that pro-
vides neuroprotection through activation of the Nrf2/ARE pathway.

2. Materials and methods
2.1. Chemicals

3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide
(MTT), reduced glutathione (GSH), and oxidized glutathione (GSSG)
were purchased from Sigma. STRs were prepared as 10 mM stock
solutions in dimethyl sulfoxide (DMSO). The final concentration
of DMSO in the culture medium was less than 0.1%. STRs were
extracted from the sponge Petrosia (Strongylophora) corticata
collected in Papua New Guinea as described elsewhere [33].

2.2. HT22 culture and MTT assay

HT22 cells were cultured as described previously [34,35]. The
cells were maintained in 75-cm? flasks (Invitrogen, Carlsbad, CA)
containing 10 mL of Dulbecco’s Modified Eagle medium supple-
mented with 10% (v/v) heat-inactivated (56 °C, 30 min) fetal calf
serum (Invitrogen, Carlsbad, CA). HT22 cells were seeded into 48-
well plates at a density of 4 x 10 cells/cm?. After a 5-h incubation,
the desired compounds were added to the cultures. Sixty minutes
later, 5 mM glutamate was added; and the cells were then incu-
bated further for 24 h. To evaluate cell survival of HT22 cells, we
performed an MTT assay [34,35].

2.3. ARE and GSH + GSSG assays

GSTYa ARE-luciferase vector was constructed as described
previously [9,36,37]. In order to measure ARE activation by STRS,
we conducted luciferase assays as described earlier [9-10] For
measurement of reduced and oxidized glutathione (GSH + GSSG)
levels, the cells were lysed with 1% sulfosalicylic acid [9-10].
Lysates were incubated on ice for 10 min, and total glutathione
(reduced and oxidized) was determined as described previously
[9-10]. Experiments presented here were repeated at least three
times, with four samples for each determination. The data are pre-
sented as the mean * SD.

2.4. Oligonucleotide microarray analysis

Total RNA was isolated from vehicle (DMSO)- or STR8-treated
HT22 cells by using TRIzol Reagent (Invitrogen, Carlsbad, CA)
[33,34]. cDNA was synthesized by using the Superscript II system
(Invitrogen) with a T7-Oligo(dT) primer. Biotin-labeled cRNA was
prepared by in vitro transcription and fragmented by incubation
at 94 °C for 35 min in 40 mmol/L Tris acetate buffer (pH 8.1) con-
taining 100 mM/L potassium acetate and 30 mM/L magnesium ace-
tate. Fragmented cRNA was hybridized at 45°C for 16 h to a
GeneChip® Mouse 430 2.0 Array (Affymetrix, Santa Clara, CA),
which contains over 39,000 transcripts. Probe arrays were washed
and stained using a Fluidics Station 450 and scanned with a
GeneChip® Scanner 300. Affymetrix GeneChip Operating Software
(GCOS v1.4) was used for analysis.

2.5. RT-PCR

Reverse transcription-polymerase chain reaction (RT-PCR) anal-
ysis was performed as described previously [9-10,33,34] using the
following primers:

B-Actin (B-actin: 287 bp)

Forward 5'-ATC CGT AAA GAC CTC TAT GC-3’
Reverse 5-AAC GCA GCT CAG TAA CAG TC-3'
NADP(H):quinone oxidoreductasel (nqo1: 923 bp)
Forward 5'-ATC CTT CCG AGT CAT CTC TA-3’

Reverse 5-CAA CGA ATC TTG AAT GGA GG-3'
Glutathione S-transferase, alpha 4 (gsta4: 440 bp)

Forward 5'-CCA GGG CCA TCC TCA GCT AC-3’

Reverse 5-CTC AAC ATA GGG GCC ATC TGG-3’
Heme oxygenase-1 (ho-1: 617 bp)

Forward 5-AGG TGT CCA GAG AAG GCT T-3'

Reverse 5-ATC TTG CAC CAG GCT AGC A-3'
Gstal (gstal: 328 bp)

Forward 5'-GAG CTG AGT GGA GAA GAA GC-3'

Reverse 5'-GGG CTC TCT CCT TCA TGT CC-3’
Glutamate-cysteine ligase, catalytic subunit (gclc: 561 bp)

Forward 5-GTG GAG TAC ATG TTG GTG TC-3’

Reverse 5'-GTA GAT ATG GTC TGG CTG AG-3’

3. Results
3.1. Neuroprotective effects

In order to examine the importance for the para-hydroquinone
moiety of the strongylophorines for neuroprotection, we compared
the protective effects afforded by STR8 and STR2 (Fig. 1). STR8 con-
tains a para-hydroquinone moiety that can be converted to a qui-
none by autooxidation capable of activating the Keap1/Nrf2
pathway. By contrast, the corresponding moiety in STR2 contains
an ether and therefore cannot be converted to the quinone. Thus,
if the effector for neuroprotective effects is the quinone, as was
shown in the case of CA in previous papers [9,10], STR8 should be
protective and STR2 should not. We used HT22 cells, a neuronal cell
line from mouse hippocampus, as a model for oxidative cell dam-
age. In HT22 cells, high concentrations (mM levels) of glutamate
can induce cell death by depleting intracellular GSH through inhib-
iting the influx of cystine [34,35]. Cell survival was quantified using
an MTT assay (Fig. 2). Treatment of cells with 5 mM glutamate in-
duced global cell death by oxidative stress within 24 h. Cotreatment
with STR2 afforded no protection from glutamate-mediated toxic-
ity (Fig. 2). By contrast, cotreatment of cells with STR8 led to protec-
tion from the effects of glutamate in a dose-dependent fashion
(Fig. 2). ED50 (protective effects) and LD50 (killing effects) of
STR8 for the cells were 4.1 and 14.24 uM, respectively; and thus
this compound did not have a broad safety zone, suggesting that
it would not be suitable for in vivo use. These results suggest that
the presence of a para-hydroquinone moiety competent of conver-
sion to a quinone by autooxidation is critical for neuroprotective
activity.

3.2. Microarray analysis and RT-PCR

We hypothesized that the protective effects by STR8 should be
closely related to its transcriptional activation of the Nrf2/ARE
pathway [9,19]. In order to examine this possibility, we initially
performed a microarray analysis using HT22 cells exposed to these
compounds vs. the control (vehicle, DMSO; Table 1). The top 10
genes induced by 5 pM STR8 are listed in Table 1. STR8 induced
several phase 2 genes, such as nqol, gsta4, and ho-1 suggesting
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Fig. 1. Chemical structures of STRs. Note that STR8, but not STR2, has a para-hydroquinone moiety, although they share the same basic chemical structure of meroditerpenes.
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Fig. 2. Protection of HT22 cells by STR8. HT22 cells were seeded into 24-well plates
at a density of 4 x 10 cells/cm?. After a 5-h incubation, test compounds were
added. One hour later the cells were treated with glutamate for 24 h and then were
subjected to an MTT assay. The values, which represent the percentage of the
control MTT value (no glutamate), are means * S.D (n = 4). *Significantly differently
(p <0.01) from control (no glutamate) cells by ANOVA.

that STR8 is a potent activator of the Nrf2/ARE pathway. In order to
confirm that STR8 indeed induced the genes encoding these phase
2 enzymes, we performed RT-PCR analysis using primers for nqol,
gesta4, and ho-1. All of these in addition to gclc and gstal were sig-
nificantly induced by STR8 (Fig. 3A).

3.3. Activation of ARE and increase in GSH level

Neuroprotective effects by electrophilic compounds may be due
to activation of the Keap1/Nrf2 pathway and ARE [1-21]. Here we

Table 1

examined whether STR8 could activate ARE in the neuronal cell line
HT22 (Fig. 3B). We examined the activation of GSTYaARE, a tran-
scriptional element that responds to Nrf2 of the Keap1/Nrf2 path-
way, by conducting a luciferase assay using HT22 cells transfected
with ARE(GSTYa)-luciferase expression vectors (Fig. 3B). Based on
the luciferase activity, STR8 (5 uM) stimulated the expression of
ARE-regulated genes by >fourfold. The activation of ARE led to an
increase in total glutathione level (GSH + GSSG; Fig. 3C), which is
not surprising since enzymes of glutathione biosynthesis such as
GCLC are regulated under the influence of ARE. Actually, various
electrophilic compounds were earlier reported to increase GSH
and GSH + GSSG levels through ARE activation [1-5]. STR8 increased
the GSH + GSSG level by over threefold relative to control.

4. Discussion

Although electrophiles are capable of inducing neuroprotective
pathways in neuronal cells, one of the disadvantages that must be
overcome is non-specific reaction of the electrophile with cellular
thiols [1-3]. We have proposed that one solution is the use of
pro-electrophilic compounds [1,9,19]. Such compounds are not di-
rectly electrophilic but can be converted to electrophiles [9,19]. We
designated these types of compounds as “pro-electrophilic drugs
(PEDs)” [9,19]. One of the best examples of a PED is a hydroquinone
that is oxidized to a quinone [9,19]. STR8 possesses a para-hydro-
quinone ring and thus represents a pro-electrophilic compound
that can be converted to a quinone-type electrophile by oxidation,
as proposed elsewhere for CA and D1 [9,12,19]. We have focused
on hydroquinone-type pro-electrophilic compounds because of
their distinctively “prodrug”-like properties [9,11,19]. We believe
that their activation can lead to effective neuroprotection against
oxidative stress [9,11] and ER stress [19]. There are two factors
within cells that affect this oxidation from hydroquinone to qui-
none, i.e., the presence of copper ions and the presence of an

Microarray analysis of the genes induced by STR8. The top 10 genes induced by STR8 in HT22 cells are listed. These genes were selected for their significant up-regulation
(p <0.0003) in response to STR8. HT22 cells were incubated in the absence or presence of 5 UM STR8 for 24 h in normal medium. Total RNA was isolated and subjected to

microarray analysis. Fold change (STR8/control vehicle), GeneBank accession ID, and gene name are indicated. Red characters indicate the phase 2 genes.

No. Induction GeneBank Gene description Gene symbol
1 4.5 BC004579 NAD(P)H dehydrogenase, quinone 1 Nqo1

2 3.9 Heat shock protein 1B Hspalb

3 3.1 BC012639 Glutathione S-transferase, alpha 4 Gstad

4 3.0 M33203 Heme oxygenase (decycling) 1 Hmox1

5 2.4 BC022913 RIKEN c¢DNA 4930570C03 gene 4930570C03Rik
6 2.2 BC028755 Protein C receptor, endothelial Procr

7 2.1 BC016234 Proline rich 13 Prr13

8 21 BC017161 DnaJ (Hsp40) homolog, subfamily B, member 4 Dnajb4

9 2.0 BC049957 Sulfiredoxin 1 Srxnl

10 2.0 BC010309 Plasminogen activator, urokinase receptor Plaur
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Fig. 3. (A). Induction of phase 2 genes by STR8. Total RNAs were extracted from HT22 cells treated with STR8 (5 uM) for 24 h. RT-PCR was performed for the detection of p-actin,
nqol, gsta4, ho-1, gclc, and gstal mRNAs. Aliquots of the reaction products were subjected to electrophoresis after PCR amplification for the indicated number of cycles. (B) ARE
activation by STR8. HT22 cells transfected with ARE(GST-Ya)-luciferase assay vector were treated with vehicle or STR8 5 uM for 24 h and then subjected to the luciferase assay.
(C) Increase in GSH + GSSH caused by STR8. The HT22 cells treated with vehicle or 5 uM STR8 for 20 h were lysed, and GSH + GSSG levels were then measured. Value are

means + S.D (n = 4). *Significantly differently (p < 0.01) from control cells by ANOVA.

electron acceptor, such as oxygen or oxygen radicals [38]. Thus, it is
likely that this process is enhanced under oxidative stress [38].
Moreover, it would be expected that the more severe the oxidative
stress, the more effective the conversion of a PED to its active elec-
trophile [38,39]. Further, this chemical reaction appears to be a very
slow process, in some cases requiring over 10 h for completion [9].
This slow process makes PEDs distinctive from other electrophilic
compounds. Slow conversion of PEDs into their pharmacologically
active species may reduce the likelihood of overwhelming cellular
pathways, possibly contributing to their ultimate tolerability [9].
We and others compared equimolar concentrations of three
hydroquinone isomers (ortho-, meta-, and para-) in terms of their
protective effects, ARE activation, S-alkylation, and ability to react
with GSH [11,38]. These studies showed the para-isomer to offer
the highest degree of neuroprotection [11,38]. In several neurode-
generative diseases, oxidative stress plays a critical role in disease
progression. By using PEDs, such stress could be harnessed to acti-
vate pro-electrophilic compounds via their oxidation at the target
site to provide neuroprotection where it is needed [12,38]. This ap-
proach using CA [9], D1 [19] or STR8 represents a novel strategy
against neurodegenerative disorders, one by which pro-electro-
philic drugs may be activated via pathological activity. For drug
development, this feature would be highly critical [39]. Lipton
[39] designated such compounds as “pathologically-activated ther-
apeutics (PATs)”, and thus CA, D1, and STR8 may satisfy these crite-
ria of PATs [9,19,39].

In conclusion, this study has generated an effective molecular
probe, i.e., another para-hydroquinone type electrophile, that can
be used to evaluate the features of PATs [1,39].
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