
Abstract Neoechinulin A, an alkaloid from Eurotium
rubrum Hiji025, protected neuronal PC12 cells against cell
death induced by peroxynitrite derived from SIN-1 (3-(4-
morpholinyl)sydnonimine hydrochloride). In this study, 
we investigated the structure-activity relationships of
neoechinulin A and a set of its analogues by using assays to
measure anti-nitration and antioxidant activities and
cytoprotection against SIN-1-induced PC12 cell death. The
presence of the diketopiperazine ring was essential for both
the antioxidant and anti-nitration activities of neoechinulin
A derivatives. Nevertheless, a derivative lacking the
diketopiperazine ring could still protect PC12 cells against
SIN-1 cytotoxicity. An acyclic analogue completely lost the
cytoprotective effect while retaining its antioxidant/anti-
nitration activities. Pre-incubation of the cells with
neoechinulin A for at least 12 hours was essential for 
the cells to gain SIN-1 resistance. These results suggest 
that neoechinulin A endows the cells with cytoprotection
through a biological effect different from the apparent
antioxidant/anti-nitration activities.
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Introduction

Neoechinulin A (1) is an indole alkaloid and has been
isolated by several groups from Aspergillus sp. [1�9],
ascomycete Xylaria euglossa [10], and endophytic fungus
Chaetomium globosum [11]. The compound is presumably
synthesized from an L-tryptophan and an L-alanine, 
and consists of three structural moieties, an indole, 
a diketopiperazine, and an isoprenyl moiety. The
stereochemistry of the C-8/C-9 double bond, and of the
stereocenter C-12, was shown to be Z and S, respectively. In
the course of our program for the establishment of small
molecule library from natural resources, we also isolated
this compound from the marine fungus Eurotium rubrum
Hiji025, and recently successfully synthesized it with the
natural configuration [12].

Reactive oxygen and nitrogen species (ROS/RNS) cause
damage to cells. Peroxynitrite (ONOO�) is one of the most
potent RNS generated in biological systems. It is generated
from superoxide and nitric oxide at a diffusion-limited rate
[13] and can oxidize an array of biomolecules including
lipids, proteins, and nucleic acids [14�16]. In addition to
being a potent oxidant, peroxynitrite has a unique ability to
nitrate tyrosine residues in proteins [17, 18]. The formation
of nitrotyrosines is a hallmark of peroxynitrite formation in
vivo. It has been suggested that peroxynitrite plays a role in
the pathogenesis of neurodegenerative disorders such as
Alzheimer’s disease and Parkinson’s disease [19�21]. As
such, a compound that can prevent neuronal cell death by
peroxynitrite has a therapeutic potential for treatment of
these diseases.
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1 exhibits antioxidant activities in various assay systems
[7, 9]. Our previous studies also demonstrated that 1 could
scavenge peroxynitrite generated from SIN-1 (3-(4-
morpholinyl)sydnonimine hydrochloride) [22]. While the
biological activities of the compound remained to be
elucidated, we have demonstrated that the treatment with 
1 rendered the cells resistant to peroxynitrite cytotoxicity 
in primary neuronal cells and NGF-differentiated PC12
cells but not in fibroblasts or undifferentiated PC12 
cells [22]. However, the mechanism by which 1 can protect
differentiated neuronal cells from SIN-1 cytotoxicity
remains unknown.

To gain mechanistic insight into the cytoprotection
against peroxynitrite, in the present study we measured the
structure-activity relationships of a series of 1 derivatives.
We examined anti-nitration activity, anti-oxidant activity,
and cytoprotective activity against peroxynitrite from SIN-1
in PC12 cells.

Materials and Methods

Chemicals and Reagents
Natural neoechinulins A (1) and B (2) were isolated from
Eurotium rubrum Hiji025. Preparation of synthetic 1, ent-
neoechinulin A (3), and 6 has been reported, and their
purity and stereochemistry were confirmed [12]. 4, 5, and 7
are newly synthesized and fully characterized. Preparation
of 4 and 7 was based on the procedure reported by Izumiya
et al. [23]. 5 was prepared from an intermediate in our
synthesis of 1 [12]. The isolation of natural neoechinulin 1

and 2 and the synthesis details and characterization for all
analogues will be reported elsewhere (Aoki et al.,
manuscript in preparation). Stock solutions of these
compounds were made in DMSO. Fig. 1 shows the
structures of 1 and its analogues (2�7) used in the present
study.

Hanks balanced salt solution (HBSS) was purchased
from Invitrogen (Carlsbad, CA, USA). SIN-1 (3-(4-
morpholinyl)sydnonimine hydrochlorine), luminol (5-
amino-2,3-dihydro-1,4-phthalazinedione), and the Kit-8
cell counting kit were purchased from Dojindo
(Kumamoto, Japan). Melatonin was purchased from Sigma-
Aldrich (St. Louis, MO, USA). Other chemicals were of
analytical grade.

Cell Culture and Treatment
PC12 cells, a rat pheochromocytoma cell line, were
routinely maintained in DMEM containing 5.0% horse
serum, 10% bovine calf serum, and streptomycin
(100 mg/ml) in a humidified atmosphere of 5.0% CO2

at 37°C. For experiments with SIN-1, the cells were plated
in poly-L-lysine-coated, 96-well culture plates (BD
Bioscience, San Jose, CA) or 60-mm dishes at a density of
6,000 cells per cm2. The following day, the cells were
treated with NGF (50 ng/ml) for differentiation in RPMI
medium containing 10% FCS, penicillin G (100 U/ml), and
streptomycin (100 mg/ml). The medium was changed with
fresh medium containing NGF every other day, and on the
fourth day the cells were treated with 1, or its analogues,
for an additional 24 hours. The medium was removed 
by aspiration, and the cells were exposed to SIN-1
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Fig. 1 Structure of neoechinulin A (1) and its analogues (2�8) used in this study.
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(1.0 mM) in fresh medium for 24 hours.

Cell Viability Assay
Following SIN-1 treatment, the number of live cells in the
wells of plates was counted by using the CyQUEST Cell
Proliferation kit according to the instructions provided by
the manufacturer (Invitrogen). The fluorescence intensity
was measured with a fluorescence plate reader with an
excitation wave length at 485 nm and an emission wave
length at 530 nm.

NAD(P)H Dehydrogenase Assay
NAD(P)H dehydrogenase activities were evaluated by 
using the kit-8 cell counting kit (Dojindo). In this assay, 
the water soluble WST-8 [2-(2-methoxy-4-nitrophenyl)-3-
(4-nitrophenyl)-5-(2,4-disulphonyl)-2H-tetrazolium] is
reduced to its formazan by cellular NADPH or NADH
under the catalysis of phenazine methosulfate (PMS) that
was added with WST-8. PMS acts as a redox-cycling
reagent, resulting in the net transfer of hydride anion from
NAD(P)H to WST-8. Therefore, this assay reflects both
NADPH and NADH dehydrogenase activities of the cells.

After incubation with 1 or its analogues, the medium was
replaced with fresh RPMI/FCS medium containing 10%
kit-8 working solution and incubated for 3 hours. The
amounts of formazan were monitored at 450 nm and were
normalized by the number of cells counted by using the
CyQUEST Cell Proliferation kit [24].

Nitrotyrosine Assay
The inhibitory effects on tyrosine nitration by peroxynitrite
of 1 and its analogues were evaluated according to the
methods of Kean et al. [25]. Briefly, test compounds were
mixed with BSA (0.6 mg/ml) in HBSS combined with an
equal volume of SIN-1 (1 mM) in the medium and
incubated at 37°C for 2 hours. Modified BSA was resolved
on SDS-PAGE [26] using 4 M urea - 8.0% acrylamide 
gel and transferred to PVDF membranes. The level of
nitrotyrosine in BSA on the membranes was detected 
with an anti-nitrotyrosine antibody, followed by a
horseradish peroxidase-labeled secondary antibody and
chemiluminescence visualization using an ECL kit 
(GE Healthcare, Little Chalfont, UK) according to the
manufacturer’s instructions.

Luminol Oxidation Assay
Antioxidative activity of 1 and its analogues 
with peroxynitrite was evaluated with a luminol
chemiluminescence assay, according to the methods of
Radi et al. [27]. Briefly, the test compounds in HBSS were
plated in a 96-well, white assay plate and mixed with SIN-1

(0.1 mM). Then, luminol (400 mM) dissolved in 50 mM
sodium bicarbonate was added to each well to give a 
total volume of 200 m l. The luminescence signal was
recorded for 30 minutes in a microplate luminometer
LB96V (PerkinElmer, Waltham, MA, USA), and the total
photon counts over the period were used for calculations.

Statistics
Data are presented as mean�S.D. The Student’s t-test was
used to analyze the data. P values less than 0.05 were
considered statistically significant.

Results

Anti-nitration and Antioxidant Activities of Analogues
of 1
We first measured the effect of 1 and its derivatives 2�7 on
nitrotyrosine formation in BSA induced by SIN-1, a
peroxynitrite generator [28]. Under the assay conditions, 1
in amounts as low as 22 mM, completely inhibited
nitrotyrosine formation. The inhibitory potency was
comparable to that of melatonin (Fig. 2). With the
exception of the aldehyde analogue 6, all of the 1
derivatives showed an inhibitory effect that was similar to
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Fig. 2 Effects of 1 and its analogues 2�8 on nitrotyrosine
formation in BSA induced by SIN-1.

BSA was exposed to SIN-1 at 37°C for 2 hours in the 
absence or presence of the indicated concentrations of 1 or 
one of its analogues. Nitrotyrosines in BSA were detected by
immunoblotting with an anti-nitrotyrosine antibody. The lowest blot
(DMSO) contains the controls for each concentration of test
compound, where from the left lane to the right lane, DMSO
concentrations were 0.4, 0.13, 0.044, 0.015, and 0.005%,
corresponding to 200, 67, 22, 7, and 2 mM of the test compounds,
respectively.
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or more potent than the parental compound; 2, even at
2 mM, completely abrogated nitrotyrosine formation. In
contrast, the aldehyde analogue 6, which lacks the
diketopiperazine ring, had no inhibitory effect. The order of
inhibitory potency was as follows: 2�7�3�4�5�1�
8��6. These results strongly indicate that the presence of
an appropriate substitution at C-3 of the indole ring is
essential for the inhibitory effect on nitrotyrosine formation
induced by SIN-1.

We next measured the antioxidant activity of those
compounds in a peroxynitrite-induced luminol oxidation
assay (Fig. 3). Due to the presence of bicarbonate in this
assay, a significant portion of chemiluminescence emission
from luminol oxidation is mediated by secondary oxidizing
species such as nitrosoperoxycarbonate (O�NOOCO2

�)
and carbonate radical (CO3

·�), rather than peroxynitrite
itself [27]. Similar to the results of the nitrotyrosine assay,
all of the compounds except 6 inhibited luminol oxidation
induced by SIN-1. Interestingly, however, melatonin did not
show any inhibitory effect. The order of inhibitory potency
was as follows: 2�7�4�1�3�5��8�6. These results
suggest that the presence of the conjugated double bond
between the indole and diketopiperazine is important for
inhibition of luminol oxidation induced by SIN-1.

Cytotoxicity of 1 and Its Analogues
We first assessed the toxicity of 1 and its analogues toward
differentiated PC12 cells (Fig. 4). 1 was slightly cytotoxic

at concentrations above 100 mM. Similar degrees of toxicity
were observed for all of the other derivatives of 1 except 2.
2 had a much greater toxic effect than did 1; the toxicity of
2 became evident even at 12.5 mM, and more than 50% of
cells were killed at concentrations above 50 mM.

Neuroprotective Activity of 1 and Its Analogues
We next measured the cytoprotective activity of the
compounds against peroxynitrite derived from SIN-1 in 
the differentiated PC12 cells (Fig. 5A). To evaluate
cytoprotection resulting from a biological effect of the
compounds, rather than the antioxidant activity, cells were
pre-incubated with 1 or its analogues for 24 hours, and then
exposed to SIN-1 in a fresh medium for additional 24
hours. As reported previously [22], 1 protected PC12 
cells from SIN-1-induced cell death in concentrations
analogous to a bell-shaped curve with maximum protection
at 100 mM. 2 also demonstrated cytoprotection dose-
dependently up to 25 mM; but, above 50 mM, the protective
effect deteriorated. Almost the same degree of protection 
as 1 was observed for other 1 derivatives including 3 and 7.
In marked contrast, 5, which had inhibited both nitration
and oxidation (Figs. 2 and 3), did not protect the cells at all.
Thus, the results demonstrate that the intact diketopiperazine
ring is essential for the cytoprotective action of the
compounds in SIN-1-induced cell death.

To further verify that the cytoprotection was engendered
by a biological effect of the compound, cells were pre-
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Fig. 3 Effects of 1 and its analogues 2�8 on luminol oxidation induced by SIN-1.

Photon emission from luminol oxidation by SIN-1 was measured in the presence of increasing concentrations of 1 or one of its
analogues. Each triangle represents a concentration gradient of the test compounds or DMSO used as a vehicle. The concentrations of the
compounds and the corresponding DMSO controls were, from the left side to the right side, 0, 12.5, 25, 50, 100, 200 mM and 0, 0.05, 0.1,
0.2, 0.4%, respectively. Values are mean�S.D. of a representative result conducted in triplicates. *P�0.05, **P�0.01, ***P�0.001.
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incubated with 1 for various times and then exposed to
SIN-1 (Fig. 5B). Resistance to SIN-1 toxicity appeared
when the cells were incubated with 1 for at least 9 hours,
and over 80% protection could be achieved after a 12-hours

incubation. Thus, we concluded that 1 could confer
resistance against SIN-1 through a biological action.
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Fig. 4 Cytotoxicity of 1 and its analogues 2�7.

Cells were incubated with increasing concentrations of 1 or one of its analogues 2�7 for 24 hours, and the numbers of live cells were
counted by the CyQUEST Cell Proliferation kit. Each triangle represents a concentration gradient of 0, 12.5, 25, 50, 100, and 200 mM from
the left side to the right side. Values are mean�S.D. of a representative result conducted in triplicates. *P�0.05, **P�0.01, ***P�0.001.

Fig. 5 (A) Cytoprotection of 1 and its analogues 2�7 against SIN-1 in PC12 cells.

Cells were pre-incubated with increasing concentrations of 1 or one of its analogues 2�7 for 24 hours and then exposed to 1.0 mM
SIN-1 for an additional 24 hours. The numbers of live cells were counted by the CyQUEST Cell Proliferation kit. Each triangle represents a
concentration gradient of 0, 12.5, 25, 50, 100, and 200 mM from the left side to the right side. Values are mean�S.D. of a representative
result conducted in triplicate. *P�0.05, **P�0.01, ***P�0.001.
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Elevation of NAD(P)H Dehydrogenase Activities by 1
and Its Analogues
In a previous study, we demonstrated that treatment of
PC12 cells for 24 hours with neoechinulin augmented the
cellular capability to reduce a water-soluble tetrazolium
(WST-8), indicative of NAD(P)H dehydrogenase activity
[22]. Therefore, we investigated if the cytoprotective effect

of the compounds against SIN-1 was correlated with the
elevated NAD(P)H dehydrogenase activities (Fig. 6). All of
the compounds that had shown cytoprotection against SIN-
1 also increased NAD(P)H dehydrogenase activities with a
similar concentration dependency. Consistently, the acyclic
1 analogue 5, which was not cytoprotective, failed to
augment NAD(P)H activities. Thus, there was a correlation
between cytoprotection and an increase in NAD(P)H
dehydrogenase activities of the cells.

Discussion

The present study revealed the structure-activity
relationships of 1 and its analogues 2�7 with respect 
to anti-nitration, antioxidant, and cytoprotective activities.
The results clearly demonstrate that 6, which lacks the
diketopiperazine ring of 1, exhibits neither anti-nitration
nor anti-oxidation activity. Nevertheless, 6 could still
protect PC12 cells against peroxynitrite toxicity from SIN-
1 as could intact 1. On the other hand, 5 completely lost the
cytoprotective activity of 1 although its anti-oxidant and
anti-nitration activities remained almost the same as those
seen for 1. Thus, the cytoprotection exerted by 1 toward
differentiated PC12 cells does not result from the apparent
antioxidative or anti-nitrative activities, but is possibly the
result of a different biological action of the compounds. In
support of this interpretation, at least 12 hours of pre-
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Fig. 5 (B) Effect of pre-incubation time on cytoprotective
effect of neoechinulin A against SIN-1.

Cells were pre-incubated with 0.2% DMSO (open bars) or
100 mM of neoechinulin A (1; filled bars) for the indicated time (0�12
hours), and then exposed to 1.0 mM SIN-1. Viability was assessed
as described above. Values are mean�S.D. of a representative
result conducted in triplicate. *P�0.05,  ***P�0.001.

Fig. 6 Effects of 1 and its analogues 2�7 on NAD(P)H oxidase activity.

Cells were incubated with increasing concentrations of 1 or its analogue 2�7 for 24 hours. NAD(P)H dehydrogenase activities were
measured by kit-8, and the values were normalized by the number of live cells measured using the CyQUEST Cell Proliferation kit. Each
triangle represents a concentration gradient of 0, 12.5, 25, 50, 100, and 200 mM from the left side to the right side. Values are mean�S.D.
of a representative result conducted in triplicate. N.D. indicates “not determined” due to severe cytotoxicity. * P�0.05, **P�0.01,
***P�0.001.
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incubation was required to render cells resistant to SIN-1,
suggesting that 1 endowed the cells with cytoprotection
possibly through the induction of gene expression.

The present study reveals that the cytoprotective activity
of these compounds is well correlated with their ability to
augment the NAD(P)H-producing capacity of the cells.
However, it is not yet clear which NAD(P)H-generating
dehydrogenase(s) of cells, namely, dehydrogenase(s) of the
glycolytic pathway, the Krebs cycle, and/or the pentose
phosphate pathway, etc., are responsible for the elevation.
However, many cellular antioxidant enzyme systems,
including glutathione peroxidases and peroxiredoxins,
utilize NADPH as a reducing equivalent to detoxify
hydrogen peroxide and lipid hydroperoxides [29, 30]. A
recent study demonstrated that peroxiredoxins can also
reduce peroxynitrite using NADPH [31]. The activity of
pentose phosphate pathway enzymes, glucose 6-phosphate
dehydrogenase and 6-phosphogluconate dehydrogenase, is
a critical factor for the sensitivity to oxidative stresses [32,
33]. Besides the pentose phosphate pathway, NADP�-
dependent isocitrate dehydrogenases also generate
NADPH, and their activities are crucial for cells to survive
under oxidative stresses [34, 35]. It may be possible that 
1 can induce the expression of those enzymes or their
positive regulators, thereby fortifying the cells against
peroxynitrite insults. We are now investigating this
possibility.

In conclusion, the present study reveals that 1 and its
analogues confer cytoprotection against peroxynitrite to
PC12 cells, possibly through potentiation of the cellular
NAD(P)H-producing capacity in a mechanism independent
of antioxidative/anti-nitration activities. Thus, these
compounds have a therapeutic potential for the treatment 
of neurodegenerative diseases and chronic inflammatory
diseases in which peroxinitrite is a deteriorating factor.
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