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Oxidative damage is believed to be associated with ageing, cancer and several degenerative diseases. Previous reports have shown that safflower-

seed extract and its major antioxidant constituents, serotonin hydroxycinnamic amides, possess a powerful free radical-scavenging and

antioxidative activity, paying particular attention to atherosclerotic reactive oxygen species (ROS)-related dysfunctions. In the present report, we

examined a still unknown cell-based mechanism of serotonin derivatives against ROS-related neuronal damage, phenomena that represent a crucial

event in neurodegenerative diseases. Serotonin derivatives N-( p-coumaroyl)serotonin and N-feruloylserotonin exerted a protective effect on high

glucose-induced cell death, inhibited the activation of caspase-3 which represents the last and crucial step within the cascade of events leading to

apoptosis, and inhibited the overproduction of the mitochondrial superoxide, which represents the most dangerous radical produced by hyperglycae-

mia, by acting as scavengers of the superoxide radical. In addition, serotonin derivative concentration inside the cells and inside the mitochondria was

increased in a time-dependent manner. Since recent studies support the assertion that mitochondrial dysfunctions related to oxidative damage are the

major contributors to neurodegenerative diseases, these preliminary cell-based results identify a mitochondria-targeted antioxidant property of ser-

otonin derivatives that could represent a novel therapeutic approach against the neuronal disorders and complications related to ROS.

Serotonin derivatives: Superoxide: Antioxidants: Apoptosis

Hyperglycaemia is associated with the progression of diabetic
neuropathy caused by an insufficiency of arterial blood flow
due to hyperglycaemia-induced atherosclerosis(1,2), suggesting
that hyperglycaemia may also damage neuronal cells because
of the increased oxidative stress associated with disease pro-
gression(3,4). Mitochondria are a major source of intracellular
reactive oxygen species (ROS) and are vulnerable to oxidative
stress(5); their dysfunction leads to cell death via apoptosis
and/or necrosis, playing a crucial role in the majority of neu-
rodegenerative diseases(4,5). Synthetic and natural antioxidants
are widely used against oxidative damage as food additives
and for tissue protection; because of the potential carcinogenic
activity of the synthetic molecules, natural antioxidants are
desirable(6). Many epidemiological and clinical studies have
suggested that antioxidants play a preventive role in several
oxidative stress-related diseases; however, many large-scale
intervention trials have failed to demonstrate the beneficial
effects of antioxidant vitamins(7). Recently, some independent
laboratories have focused their attention on other dietary
compounds, such as serotonin derivatives, which may exert

significant antioxidant effects both in vitro and in vivo,
concentrating on their anti-atherogenic properties.

N-( p-coumaroyl)serotonin (CS) and N-feruloylserotonin
(FS), two serotonin conjugates, have been identified as the
major phenolic constituents of defatted safflower seeds(8,9),
which are members of the indole hydroxycinnamic acid
amides, with serotonin (5-HT), p-coumaric acid ( p-ca)
and ferulic acid (fa) representing components of their
structures(10,11). The hydroxycinnamic acid amides of seroto-
nin, including CS and FS, are synthesised by the enzyme
serotonin N-hydroxycinnamoyltransferase.

CS and FS are present in several wild-growing plants
and their seeds, such as safflower (Carthamus tinctorius L.)
used in herbal medicine in Eastern countries, and
worldwide mainly for edible oil production(9,10), konnyaku
(Amorphophallus konjac K. Koch) widely used as a traditional
food all over Japan(12), Japanese barnyard millet (Echinochloa
utilis Ohwi & Yabuno), widely used in Japan especially in
cold districts because of its resistance to low temperatures
and for its highly nutritious grains making it a good substitute
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for rice(13), Centaurea nigra L. and many species of the genus
Centaurea, traditionally used for their antibacterial activity in
the treatment of various foods(14 – 16), and maize bran and other
grains used in a wide variety of ways, including home cook-
ing, to increase the fibre content of various foods(17).
Furthermore, their presence has also been detected in several
vegetables(10) used widely around the world.

Some of their biological and chemical activities have
already been reported; they possess antibacterial and free rad-
ical-scavenging activities(12 – 14,17), behave as antioxidants in
plasma and on liver HDL-cholesterol and total cholesterol(18),
suggested to increase proliferation of fibroblasts(19), inhibit the
production of pro-inflammatory cytokines(19), inhibit LDL
oxidation in apoE-deficient mice(8), exert protection against
the increase of ROS-dependent adhesion and migration
molecules that represent the key events in the early stages
of atherosclerogenesis(11,20), and show other benefits against
cardiovascular risk in healthy human volunteers(21). However,
there are no reports ascribing a particular effect to these
serotonin derivatives against high glucose-inducing neuronal
damage, although several reported evidence of the involve-
ment of high glucose on mitochondrial dysfunction and
oxidative stress in neurodegenerative diseases(5,22,23).

The PC12 cell line, derived from a rat pheochromocytoma
of adrenal medulla, undergoes differentiation following
treatment with nerve growth factor from a tumour cell
(tumour-type) to a neuron-like cell phenotype (neuron-
type)(24,25). The neuron-type cell is known to express a variety
of properties shared by neurons including the overall
phenotype and has been successfully used over the years as
a neuronal model to study neuronal functions(26 – 29).

The present study followed a cell-based approach to
investigate the protective effect of CS and FS against
damage associated with hyperglycaemia in PC12 cells.

Materials and methods

Cells

Undifferentiated PC12 cells (kindly provided by Dr Hirose,
Department of Anaesthesiology, Kyoto Prefectural University
of Medicine, Kyoto, Japan) were routinely maintained at 378C
in a humidified atmosphere of 95 % air and 5 % CO2

in Dulbecco’s modified Eagle’s medium–Ham’s nutrient
mixture F-12 (DMEM–F-12, 1:1; Invitrogen, Carlsbad,
CA, USA), containing 17·5 mM-D-(þ)-glucose, 10 % heat-
inactivated fetal bovine serum and 5 % heat-inactivated
horse serum. At 60 % of confluence, the cells were differen-
tiated by the administration of nerve growth factor
(100 ng/ml) to a DMEM–F-12 medium supplemented with
0·5 % fetal bovine serum and 0·5 % horse serum for 4 d, as
previously described(30). Differentiated PC12 cells without
any treatment and growing in DMEM–F-12 medium contain-
ing sufficient D-(þ)-glucose were used as control cells.

Cell treatment

Differentiated PC12 cells were treated with D-(þ)-glucose at
different concentrations (25, 50, 100 mmol/l) for specified
periods (0, 24, 48, 72, 96 h) as well as with 50-mM-D-(þ)-
glucose (high glucose; HG) for 72 h, which represent the

resulting 50 % lethal concentration (LC50), in the presence
or absence of 10mM-CS or -FS (kindly provided by
Dr Koyama, Ajinomoto Co., Kawasaki, Japan), 10mM-5-HT,
-p-ca or -fa as the components of CS and FS structures or
40mM-a-tocopherol which was used as a positive control
(all from Sigma, St Louis, MO, USA). Glucose uptake
was performed as previously described(31) using a fluorescent
D-glucose analogue 2-[N-(7-nitrobenx-2-oxa-1,3-diazol-4-yl)
amino]-2-deoxy-D-glucose (Invitrogen), which was used to
monitor glucose uptake in living cells.

Cell viability

To evaluate cell viability, the 3-(4,5-dimethylthiazol-2-yl)-2,
5-diphenyltetrazolium bromide (Sigma) assay was performed
as described previously(32). The optical density of formazan
was measured at 570 nm using a Multiskan Ascent plate
reader (Bio-Rad Fluoromark, Melville, NY, USA).

Phosphatidylserine, which is confined to the inner
membrane in normal healthy cells, becomes exposed at the
outer plasma membrane of apoptotic cells(33). Exposure
of phosphatidylserine is an early event, as it precedes cell
membrane permeabilisation, cell shrinkage and nuclear
condensation(33). Phosphatidylserine exposure was then ana-
lysed as described previously(33), and measured by the binding
of annexin V-zFITC, according to the protocol outlined by the
manufacturer of the Annexin V-FITC Apoptosis Detection
kit (MBL, Nagoya, Japan). Cells that have lost membrane
integrity allow propidium iodide (PI) to enter. Treated cells
were also stained with PI (MBL, Nagoya, Japan), and analysed
using a Cytomics FC500 Flow Cytometry System.

Caspase activity

Caspase activity was measured by assessing the cleavage of
the Asp-Glu-Val-Asp peptide-conjugated p-nitroanilide
( pNA)(34) (Caspase-3/CPP32 Colorimetric Protease Assay
Kit; MBL, Nagoya, Japan), according to the manufacturer’s
protocol. Substrate cleavage, which resulted in the release of
pNA (405 nm), was measured using a Multiskan Ascent
plate reader (Bio-Rad). Absorbance units were converted to
pmol pNA by extrapolating them on a standard curve gener-
ated using free pNA. Caspase activity was expressed as
pmol pNA generated per mg protein (Bio-Rad protein assay).

Determination of intracellular reactive oxygen species

Intracellular ROS were detected using the fluorescent probe
20,70-dichlorofluorescin diacetate (Molecular Probes, Eugene,
OR, USA) as described earlier(35). Mitochondrial superoxide
was detected using a MitoSOXe mitochondrial superoxide
indicator (Molecular Probes). Fluorescence was observed
using the Cytomics FC500 Flow Cytometry System.

High-performance liquid chromatography analysis

A sample of cells was used for mitochondria extraction
performed using a Mitochondria Isolation Kit (Pierce,
Rockford, IL, USA) according to the manufacturer’s protocol.
Subsequently, CS and FS were extracted with methanol–PBS
(4:1, v/v) and were measured by HPLC as described
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earlier(36). In order to quantify the concentration, CS and
FS levels were normalised by the total protein content
(mmol/mg protein).

Data analysis

Statistical analysis was performed as described previously(37).
All data of at least three separate experiments were expressed
as mean values with their standard errors. Inter-group differ-
ences were assessed by one-way ANOVA followed by the
post hoc Bonferroni test. In order to assess the individual
effects of HG and the selected compounds, as well as any
interactions existing between these two factors, a two-way
ANOVA with post hoc comparison was performed. All stat-
istical analyses were carried out using the GraphPad Prism 4
program (GraphPad Software, Inc., San Diego, CA, USA).
Values of P,0·05 were considered statistically significant.

Results

Effects of N-( p-coumaroyl)serotonin and N-feruloylserotonin
on 50-mM-D-(þ)-glucose-induced damage in PC12 rat
pheochromocytoma cells

D-(þ)-Glucose treatment decreased PC12 viability in a con-
centration- and time-dependent manner and the resulting
50 % lethal concentration (LC50) was 50 mmol/l at 72 h
(Fig. 1(a)). The viability decreased to approximately 24 %
(P,0·05), 35 % (P,0·01) and 44 % (P,0·01) at 24, 48
and 72 h, respectively, at the concentration of 50 mmol/l.
Simultaneous treatment of PC12 cells with CS or FS plus
HG for 72 h (Fig. 1(b)) resulted in a significant inhibition of
cell death (P,0·001) in comparison with cells treated with
a-tocopherol (P,0·001), while treatment with 10mM-5-HT,
-p-ca or -fa resulted in a significant but less protection
(P,0·05). Cells were also incubated with annexin V-FITC
and PI, and then subjected to flow cytometry analysis
(Fig. 1(c)). The percentage of apoptotic cells (annexin
V-FITC-positive and PI-negative cells) among the HG-treated
cells was 14-fold higher than among control cells (from 2·7 %
of the controls to 37·9 % of HG); CS and FS treatment was
associated with a significant inhibition of apoptosis (P,0·01).

Effects of N-( p-coumaroyl)serotonin and N-feruloylserotonin
on 50-mM-D-(þ)-glucose-induced caspase activity in PC12
rat pheochromocytoma cells

The caspase activity was analysed to confirm the ability of CS
and FS to protect against apoptotic cell death caused by this
stressor. As shown in Fig. 2(a), treatment of PC12 cells with
HG caused a significant but transient increase in the caspase
activity from 6 to 48 h, being significant at 24 h (P,0·01)
and 48 h (P,0·05). Caspase activity increased and decreased
in a time-dependent manner and the resulting highest activity
was approximately two-fold higher (34·4 pmol pNA/mg pro-
tein) than for control cells (16·3 pmol pNA/mg protein) at
24 h. Thus CS and FS protection against caspase activity
increase was analysed at 24 h. Simultaneous treatment of
PC12 cells with CS or FS plus HG for 24 h (Fig. 2(b)) resulted
in a significant inhibition of caspase activity (P,0·01), stron-
ger than that exerted by a-tocopherol (P,0·05).

Effect of N-( p-coumaroyl)serotonin and N-feruloylserotonin
on 50-mM-D-(þ)-glucose-induced intracellular reactive
oxygen species

To understand the underlying mechanisms of CS and FS pro-
tection against HG damage, we examined the ROS-scavenging

Fig. 1. Effects of 10mM-N-(p-coumaroyl)serotonin (CS) and 10mM-N-feruloyl-

serotonin (FS) on 50-mM-D-(þ)-glucose (HG)-induced damage in PC12 rat

pheochromocytoma cells. (a) Concentration- and time-dependent viability.

(–W–), Control (cells without any HG treatment); (- -X- -), 25 mM-HG; (–A–),

50 mM-HG; (- -B- -), 100 mM-HG. Values are means, with their standard

errors represented by vertical bars. Mean value was significantly different

from that of the control treatment at the same time point: *P,0·05,

**P,0·01, ***P,0·001. (b) Effect of the selected compounds on HG-indu-

cing cell death. C, control treatment; 5-HT, 10mM-serotonin; p-ca, 10mM-p-

coumaric acid; fa, 10mM-ferulic acid; a-toc, 40mM-a-tocopherol. Mean value

was significantly different from that of the HG-alone treatment: *P,0·05,

***P,0·001. ††† Mean value was significantly different from that of the con-

trol treatment (P,0·001). (c) Effect of CS and FS on HG-inducing apoptosis.

(A), Living cells; (B), apoptotic cells; (o), necrotic cells. ** Mean value was

significantly different from that of the HG-alone treatment (P,0·01). †† Mean

value was significantly different from that of the control treatment (P,0·01).
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activity of CS and FS. The HG-induced caspase activation on
PC12 was preceded by a significant increase in the intracellu-
lar ROS levels (P,0·01 at 6, 12, 24 h), as shown by the
20,70-dichlorofluorescin fluorescence (Fig. 3(a)). The peak of
fluorescence was reached at 12 h, although this increase was
significant from 6 h, and was significantly reduced by CS and
FS (P,0·01) (Fig. 3(b)). 40mM-a-Tocopherol had a similar
effect to 10mM-CS and -FS, while treatment with 10mM-
p-ca or -fa resulted in a lower but still significant reduction
of ROS fluorescence (P,0·05) (Fig. 3(b)). A similar protocol
was performed using a MitoSOXe fluorescent probe, specific
for mitochondrial superoxide. The four-fold increased
fluorescence by HG at 6 h was significantly reduced by CS
and FS (P,0·01) (Fig. 3(c) and (d)); 40mM-a-tocopherol
resulted in a lower but still significant reduction of
MitoSOXe fluorescence (P,0·05) (Fig. 3(c)).

N-( p-coumaroyl)serotonin and N-feruloylserotonin
concentration inside PC12 rat pheochromocytoma cells and
mitochondria

Treatment with 20mM-CS from 0 to 96 h resulted in a time-
dependent increase of CS concentration in cells and in

Fig. 2. Effects of 10mM-N-(p-coumaroyl)serotonin (CS) and 10mM-N-feruloyl-

serotonin (FS) on 50-mM-D-(þ )-glucose (HG)-induced caspase-3 activity

in PC12 cells. Caspase-3 activity was measured by the cleavage of

the Asp-Glu-Val-Asp (DEVD) peptide-conjugated p-nitroanilide (pNA) and

expressed per mg total protein content. (a) Effect of HG on caspase-3

activity. Values are means, with their standard errors represented by vertical

bars. Mean value was significantly different from that at time 0: *P,0·05,

**P,0·01. (b) Effect of the selected compounds on HG-inducing caspase

activity. C, control (cells without any treatment); 5-HT, 10mM-serotonin; p-ca,

10mM-p-coumaric acid; fa, 10mM-ferulic acid; a-toc, 40mM-a-tocopherol.

Mean value was significantly different from that of the HG-alone treatment:

*P,0·05, **P,0·01. †† Mean value was significantly different from that

of the control treatment (P,0·01).

Fig. 3. Effect of 10mM-N-(p-coumaroyl)serotonin (CS) and 10mM-N-feruloyl-

serotonin (FS) on 50-mM-D-(þ )-glucose (HG)-induced intracellular reactive

oxygen species (ROS) in PC12 cells. (a) Time-dependent intracellular ROS

assessed by the fluorescence intensity of 20,70-dichlorofluorescin (DCF)

emission in control (- -W- -) and HG-treated (–X–) cells. Values are means,

with their standard errors represented by vertical bars. ** Mean value was

significantly different from that at time 0 (P,0·01). (b) Effect of the selected

compounds on HG-inducing intracellular ROS assessed by the fluorescence

intensity of DCF emission. C, control (cells without any treatment); 5-HT,

10mM-serotonin; p-ca, 10mM-coumaric acid; fa, 10mM-ferulic acid; a-toc,

40mM-a-tocopherol. Mean value was significantly different from that of the

HG-alone treatment: *P,0·05, **P,0·01. †† Mean value was significantly

different from that of the control treatment (P,0·01). (c) Effect of the

selected compounds on HG-inducing intracellular ROS assessed by the

fluorescence intensity of MitoSOXe emission. Mean value was significantly

different from that of the HG-alone treatment: *P,0·05, **P,0·01. †† Mean

value was significantly different from that of the control treatment (P,0·01).

(d) Flow-cytometry images of MitoSOXe fluorescence.
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mitochondria, reaching significance after 24 h in cells
(10·4mmol CS/mg protein; P,0·01), and in mitochondria
(4·3mmol CS/mg protein; P,0·05) (Fig. 4(a)). A similar pat-
tern was obtained for FS detection in cells (9·6mmol FS/mg
protein; P,0·01) and in mitochondria (2·9mmol FS/mg
protein; P,0·05) (Fig. 4(b)).

Discussion

We previously reported that CS and FS, two serotonin
conjugates, exerted their benefits against hyperglycaemic
disorders and complications related to ROS(11). Although
increasing evidence suggests that CS and FS are protective
against endothelial damage both in vitro and in vivo animals
and human subjects(8,11,21), to the best of our knowledge,
cell-based studies on their action against neuronal damage
have not been reported. Since mitochondrial dysfunction
and oxidative stress are often correlated with hyper-
glycaemia(5,22,23), we questioned whether CS and FS have
the potential to safely modulate oxidative stress in a neuronal
system of hyperglycaemia toxicity, acting as protective
compounds as they do in vascular systems.

In our cell-based neuronal-like system of hyperglycaemia
toxicity, we found that the simultaneous treatment of PC12
with HG plus CS or FS reduced HG-induced cell death.
Since the literature on CS and FS is scarce and in order to
quantify their antioxidant capacity, we compared the effects
of CS and FS with those of a-tocopherol at a dietary relevant
level (40mmol/l). a-Tocopherol is able to protect neuronal
and PC12 cells from cell damage induced by several stresses
including high glucose(14,38,39). Koyama et al. (21) did not

measure directly the human plasma concentration of CS and
FS, but they observed a whole-blood serotonin increase in
association with CS or FS intake, while Tanno et al. (40)

measured a rapid absorption and relatively high blood concen-
trations of CS and FS in rats after oral administration.
Although the present results are restricted to a cell-based
approach, together with the evidence reported in the literature,
it may be suggested that CS and FS are protective in our
model and that levels necessary for this protection can be
achieved through dietary means. We also compared the pre-
sent results with the effect of 5-HT, p-ca or fa, which are
the components of CS and FS structure, in order to show
that the protection provided by FS and CS was greater than
any component of their structure; CS and FS protection was
higher than that of 5-HT, p-ca or fa alone in the experimental
conditions used. Since 5-HT, p-ca and fa offer protection
against cell death caused by stressors including
glucose(38,39,41 – 44), the present results suggest that protection
offered by CS and FS may be due to both 5-HT and p-ca or
fa moieties acting together. CS and FS protection was further
demonstrated by using annexin V-FITC and PI fluorescent
probes, allowing us to discriminate between apoptotic and
necrotic cell death, underlining the ability of CS and FS to
protect against apoptosis, which resulted as being the type
of cell death resultant from HG. This result suggests that
CS and FS may act in one or more of the cascade of events
leading to apoptosis.

In order to understand the protective mechanisms against
cytotoxicity and the effect on the apoptotic process, we exam-
ined the effect of CS and FS on caspase activity and ROS
production. Hyperglycaemia may damage neuronal cells by
increasing oxidative stress associated with a progression of
diabetic neuropathy(3,4). Mitochondria are the major endo-
genous producers of ROS, and they have been implicated
in the control of cell death(45). Mitochondria producing
ROS could activate apoptotic cells death in two ways; through
caspase-dependent and/or -independent pathways(45). Caspase-
3 is required for the cleavage of the DNA fragmentation factor
DFF, which has the nuclease activity responsible for DNA
fragmentation during apoptosis(45). Mitochondria, on the
other hand, after apoptotic insult release apoptotic-inducing
factor into the cytosol, which translocates to the nucleus
where it binds to the DNA and induces its fragmentation, inde-
pendently of caspase activity(45). We tested the effect of CS
and FS in comparison with the effects of a-tocopherol,
5-HT, p-ca and fa on HG-induced caspase activity, to evaluate
their role in PC12 cell death. The mitochondrial ROS distri-
bution was also determined to clarify and compare their ability
to penetrate inside mitochondria, and their role against super-
oxide, which is one of the most damaging radicals produced
by hyperglycaemia(46). The present results underline a role
for caspase-3 in HG-inducing PC12 cell death; decreased
activity of caspase-3 and cell loss due to increased cells
death. Both CS and FS inhibited caspase activity, being
more protective than a-tocopherol, which since none of the
component structures affected caspase activity is probably
associated with mitochondrial superoxide scavenging.

Although 20,70-dichlorofluorescin fluorescence was inhibited
to different extents by each antioxidant used, only CS and FS
possessed the ability to reduce the MitoSOXe fluorescence –
an ability that a-tocopherol also exerted with a similar

Fig. 4. N-(p-coumaroyl)serotonin (CS) (a) and N-feruloylserotonin (FS)

(b) concentration inside PC12 whole cells (–X–) and mitochondria (- -W- -).

CS and FS levels were normalised by the total protein content (mmol/mg

protein). Values are means, with their standard errors represented by vertical

bars. Mean value was significantly different from that at time 0: *P,0·05,

**P,0·01, ***P,0·001.
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fluorescence, being greater in treated than control cells. Since
20,70-dichlorofluorescin diacetate is not specific for superoxide,
and does not penetrate selectively into mitochondria, this result
means that superoxide is probably the chief radical produced
by HG, and it is localised inside the mitochondria. All the anti-
oxidants tested scavenge cytosolic ROS other than superoxide,
while only CS and FS scavenge mitochondrial superoxide.
a-Tocopherol, 5-HT, p-ca and fa activity against several
ROS is already documented in the literature(38,39,41 – 44).
The present results, therefore, suggest a more powerful
and selective antioxidant activity for CS and FS against mito-
chondrial superoxide which could be explained by a greater
ability to cross the mitochondrial membrane. In fact, all the
isoforms of vitamin E are lipophilic and are retained in
cell membranes, failing to achieve significant intracellular
concentrations as well at the relevant sites of free radical
generation(5), while fa shows more pronounced mitigation
of ROS in a combination with both ascorbic acid and
vitamin E(44). The benefits of p-ca under physiological con-
ditions may be counteracted by its pro-oxidant activity(41,42).
These different actions with respect to scavenging superoxide
could also explain their respective capacities to prevent
cell death.

Since MitoSOXe results confirmed an early uptake of CS
and FS into the mitochondria, we quantified the concentration
of both compounds inside the PC12 cells and their
mitochondria by HPLC. Treatment of PC12 cells with CS or
FS revealed a time-dependent increase in CS or FS cell and
mitochondrial concentrations, suggesting a potential role for
CS and FS as protective against oxidative insult particularly
because of their stability, which does not show a time-
dependent modification, transformation or degradation.

The literature concerning CS and FS intake from the diet
and impact in vivo is limited and almost always in relation
to atherosclerotic CVD. Evidence supporting the involvement
of environmental factors including diet in the incidence of
CVD in the Far East is significantly less than in the West.
Genetic reasons for this phenomenon may exist although the
rate of this disease in ethnic immigrant populations in the
West approaches that of the disease in native Caucasians(47).
Konnyaku and Japanese barnyard millet are both widely
used as a traditional food all over Japan, the latter especially
in cold districts because of its resistance to low temperatures
and because its highly nutritious grains make it a good substi-
tute for rice(12,13). Using a cell-based approach, the present
study suggests a serotonin derivative-related mechanism
against HG-inducing apoptosis in PC12 cells, due to anti-
oxidant properties and ROS-scavenging abilities, in particular
superoxide produced in mitochondria. Further studies are
needed, especially in vivo, to elucidate other properties and
the mechanism of action, which could better clarify the role
of serotonin derivatives in this pathology. The present results
suggest that these compounds could be taken into consideration
to reduce risk against ROS-related neuronal dysfunctions.
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