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Abstract Oxidative stress is a critical route of damage in
various psychological disorders such as schizophrenia,
although fish oil and risperidone (RISP) induce antioxidant
effects in the human body. However, the mechanisms
behind these effects remain elusive. We investigated
the effects of fish oil and RISP in the PC12 cell line by
evaluating Ca®* mobilization, lipid peroxidation (LP) and
antioxidant levels. PC12 cells were divided into eight
flasks: control, fish oil, RISP, H,0,, fish oil + H,O,,
RISP + H,0,, fish oil + RISP and fish oil + RISP + H,O,.
Cells were incubated with fish oil and RISP for 24 and
48 h, respectively. Then, cells were exposed to H,O, for
15 min before analysis. Ca®* release and LP levels were
higher in the H,O, group than in the control, RISP and fish
oil groups, although their levels were decreased by incu-
bation of cells in fish oil and RISP. Glutathione peroxidase
activity, reduced glutathione and vitamin C levels in the
cells were lower in the H,O, group than in the control,
RISP and fish oil groups, although levels were higher in
cells incubated with fish oil and RISP than in those in the
H,0, groups. In conclusion, these results indicate that
RISP and fish oil induced protective effects on oxidative
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Abbreviations
EPUFA  Essential polyunsaturated fatty acid

GSH Reduced glutathione

GSH-Px Glutathione peroxidase

LP Lipid peroxidation

RISP Risperidone

PLA, Phopsholipase A2

PC12 Rat pheochromocytoma-derived cell line
Introduction

Reactive oxygen substances (ROS) and lipid peroxides are
produced by a free radical chain reaction, which can also
be initiated by ROS (Halliwell 2006). The ROS, i.e., singlet
oxygen, superoxide anion, perhydroxyl and hydroxyl rad-
icals, contribute to tissue damage (Naziroglu 2009). ROS
also cause injury by reacting with biomolecules such as
lipids, proteins and nucleic acids as well as by depleting
enzymatic and/or nonenzymatic antioxidants in the brain
(Whanger 2001). There is also evidence that ROS play an
important role in the pathogenesis of many diseases, par-
ticularly in neurological and psychiatric diseases due to the
central nervous system vulnerability to oxidative stress
(Bilici et al. 2001; Mahadik et al. 2001). Glutathione per-
oxidase (GSH-Px) detoxifies hydrogen peroxide to water
(Whanger 2001), although vitamin C has an inhibitory role
on superoxide and hydroxyl radicals in the cytosol of cells
(Halliwell 2006; Naziroglu 2007a). Therefore, ROS can be
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indirectly evaluated by measurement of some antioxidants
such as GSH-Px, reduced glutathione (GSH) and vitamin C
(Halliwell 2006; Naziroglu 2007b).

Oxidative stress is primarily or secondarily involved in
the pathogenesis of psychiatric diseases such as schizo-
phrenia. The coexistence of increased oxidative stress with
symptoms of depression and schizophrenia in patients has
been reported, as evidenced by defective plasma antioxidant
defenses in association with enhanced susceptibility to lipid
peroxidation (LP) (Sivrioglu et al. 2007; Dietrich-Mus-
zalska et al. 2010). Significant correlations were also found
between the severity of schizophrenia, as well as the length
of index episode and duration of illness, and alterations in
GSH-Px activity, GSH and LP levels (Zhang et al. 2006;
Sarandol et al. 2007). As a potent antioxidant, vitamin C and
its combination with antipsychotics in the treatment of
schizophrenia have been suggested (Mahadik et al. 2001).
Essential polyunsaturated fatty acids (EPUFAs) have been
shown to improve some of the psychopathological symp-
toms of schizophrenia (Mahadik and Evans 2003). Hence,
antidepressant therapeutic intervention may be associated
with normalization of the critical oxidative redox system
along with alleviating depressive and schizophrenic
symptoms.

Some studies have reported an increase of LP levels in the
plasma of first-episode schizophrenic patients who had
not taken any antipsychotic drugs (Mahadik et al. 1998).
EPUFAs are critical for brain development as well as
function (Whanger 2001) and are affected in schizophrenia.
Decreased levels of membrane EPUFAs observed in
schizophrenia may be associated partly with an increase
of phospholipase A, (PLA,) activity (Arvindakshan et al.
2003). PLA, catalyzes the removal of PUFA from
phospholipid molecules, which then take part in signaling
reactions or are recycled back into the phospholipid mole-
cules. Essentially fatty acid reduction in the membrane of
patients with schizophrenia and, consequently, cell injury
might result from excessive ROS generation or an impaired
antioxidant defense redox system (Mahadik and Evans
2003). Ultimately, this process could lead to neuronal
membrane stability and perhaps cell death (Halliwell 2006).
However, Ranjekar et al. (2003) did not find an increase in
plasma LP levels in schizophrenia. Thus, the role of LP in
the pathophysiology merits further research in cases of
schizophrenia.

Antipsychotics are the drugs of choice for the long-term
management of schizophrenia. However, antipsychotic
drugs may affect lipid metabolism (Zhang et al. 2006).
Classic antipsychotic drugs are suggested to increase oxi-
dative stress and oxidative cell injury in the brain (Mahadik
et al. 1998), whereas the second-generation antipsychotic
drugs do not exhibit such effects or they may have anti-
oxidant effects (Kropp et al. 2005; Dietrich-Muszalska
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et al. 2010). Risperidon (RISP) could have different effects
on oxidative stress and antioxidant systems in the cells.
However, the mechanisms of these effects are not fully
understood.

Evidence is increasing to indicate that mitochondrial
pathophysiology and oxidative stress may also be the most
critical components in the pathophysiology and outcome of
schizophrenia (Ben-Shachar and Laifenfeld 2004; Bubber
et al. 2004). Ca®* is a key regulator of cell survival since
cytosolic free Ca®* concentration ([Ca®*];) is a major reg-
ulatory factor for a large number of cellular processes, such
as muscle contraction, metabolism, secretion and even cell
differentiation and apoptosis. However, the sustained ele-
vation of intracellular Ca** plays a role in cell death
(Naziroglu 2009). The proapoptotic effects of Ca”* are
mediated by a diverse range of Ca®*-sensitive factors that
are compartmentalized in various intracellular organelles,
including endoplasmic reticulum and mitochondria (Putney
and McKay 1999). If the free intracellular Ca** concen-
tration increases due to degeneration of cation channels,
this causes loss of physiologic cell functions (Halliwell
2006; Naziroglu 2007a, b). Excessive Ca** load to the
mitochondria may induce apoptosis by both stimulating the
release of apoptosis-promoting factors such as ROS from
the mitochondrial intermembrane space to the cytoplasm
and impairing mitochondrial function and cation channels
(Wang 2001; Naziroglu 2007a).

PC12 cells have been widely used in studies of oxidative
stress-induced protection models (Wang et al. 2005; Akan
et al. 2009). Since the modulatory effects of fish oil and
RISP on cellular survival and death in molecular pathways
have not yet been clarified, we focused on the dual effect of
fish oil + RISP in undifferentiated PC12 cell lines by
checking its effect on LP and antioxidant levels and Ca**
release from intracellular stores evoked by H,0,.

Materials and Methods
Chemicals

Cell culture flasks were bought from TPP Company
(Trasadingen, Switzerland). All chemicals (fish oil, cumene
hydroperoxide, KOH, NaOH, thiobarbutiric acid, 1,1,3,3
tetraethoxypropane, 5,5-dithiobis-2 nitrobenzoic acid,
tris-hydroxymethyl-aminomethane, cumene-hydroperoxide,
glutathione, butylhydroxytoluol) were obtained from Sigma-
Aldrich (St. Louis, MO), and all organic solvents (n-hexane,
ethyl alcohol) and RPMI 1640 medium were purchased from
Merck (Darmstadt, Germany). Fura-2 was purchased from
Promega (Madison, WI). All reagents were analytical grade.
All reagents except the phosphate buffers were prepared
daily and stored at +4°C. Reagents were equilibrated at room
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temperature for 30 min before an analysis was initiated or
reagent containers were refilled. Phosphate buffers were
stable at +4°C for 1 month.

Cell Culture

PC12, a rat pheochromocytoma-derived cell line, was
selected as the neuronal model, which was originally
described by Greene and Tischer (1976). The cell line was
obtained from DSMZ Cell Lines Bank (Braunschweig,
Germany). Before treatment, PC12 cells were placed in a
poly-d-lysine-coated cell culture flask at a density of
1 x 10°/cm” and allowed to attach for 24 h in RPMI 1640
medium supplemented with 10% donor horse serum, 5%
fetal bovine serum and a mixture of 1% of penicillin/
streptomycin/L-glutamine. Cells were incubated at 37°C in
a humid 5% CO, and 95% air environment (Akan et al.
2009).

Study Groups

PC12 cells were divided into eight groups as follows:

Group 1: Control group. Cells were incubated with only
RPMI medium for 24 h.
Fish oil group. A therapeutic dose of fish oil was
calculated according to the content of decosa-
hexaenoic acid (DHA, 60 uM) and eicosapenta-
enoic acid (EPA, 75 pM) in the fish oil. DHA and
EPA were dissolved in 0.1 ml DMSO stock
solution, which was diluted with medium (Arab
and Rossary 2006). Cells were incubated with
60 uM DHA and 75 uM EPA for 24 h.
Risperidone group. Cells were incubated with
RISP (40 pg/ml) for 48 h (Bai et al. 2002).
H,0, group. Cells were exposed to H,O,
(100 uM) (Uguz et al. 2009).
Fish oil + H,O, group. Cells were incubated
fish oil (DHA, 60 pM and EPA, 75 uM) for
24 h before H,O, incubation. Cells were
exposed to H,O, (100 uM) for 15 min.
RISP + H,O, group. Cells were exposed to
H,O, (100 uM) after incubation with RISP
(40 pg/ml) for 48 h.
Fish oil + RISP group. Cells were incubated in
fish oil (60 uM DHA) and RISP (40 pg/ml) for
24 and 48 h, respectively.
Fish oil + RISP + H,O, group. Cells were
incubated in fish oil (60 pM DHA) and RISP
(40 pg/ml) for 24 and 48 h, respectively. Then,
cells were exposed to HO, (100 uM) for 15 min.

Group 2:

Group 3:

Group 4:

Group 5:

Group 6:

Group 7:

Group 8:

At the end of the treatments, half of the cells were
washed in the medium and stored at —33°C. LP and

antioxidant analyses were performed within 1 week. The
remaining cells were immediately used for cytosolic
[Ca®*]; analysis. During the [Ca®']; analysis, the eight
groups were exposed to H,O, for stimulating [Ca®*];
release.

Measurement of Cytosolic [Ca2+]i

Cells were loaded with fura-2 by incubation with 4 pM
fura-2 acetoxymethyl ester (fura-2/AM) for 30 min at room
temperature according to a procedure published elsewhere
(Uguz et al. 2009). Once loaded, cells were washed and
gently resuspended in Na-HEPES solution containing (in
mM) NaCl, 140; KCl, 4.7; CaCl,, 1.2; MgCl,, 1.1; glucose,
10; and HEPES, 10 (pH 7.4). The eight groups were
exposed to H,O, to stimulate [Ca2+]i release. Fluores-
cence was recorded from 2-ml aliquots of a magnetically
stirred cellular suspension (2 x 10° cells/ml) at 37°C using
a spectrofluorometer (Carry Eclipsys; Varian, Sydney,
Australia) with excitation wavelengths of 340 and 380 nm
and emission at 505 nm. Changes in [Ca2+]i were moni-
tored using the fura-2 340/380 nm fluorescence ratio and
calibrated according to the method of Grynkiewicz et al.
(1985). In experiments where calcium-free medium was
indicated, Ca®* was omitted and 2 mM ethylene glycol-bis
(2-aminoethylether)-N,N,N',N'-tetraacetic acid (EGTA)
was added.

Ca”" release was estimated using the integral of the rise
in [Ca2+]i for 150 s after addition of H,O, (Uguz et al.
2009; Espino et al. 2009). Ca®* release is expressed in
nanomolar concentrations, taking a sample every second
(nM s), as previously described (Heemskerk et al. 1997).

LP Determinations

LP levels in PC12 cells were measured with the thiobar-
bituric acid reaction by the method of Placer et al. (1966).
Thiobarbituric acid-reactive substances were quantified
by comparing the absorption to the standard curve of
malondialdehyde (MDA) equivalents generated by acid-
catalyzed hydrolysis of 1,1,3,3-tetramethoxypropane. The
values of LP in PC12 cells were expressed as nanomoles
per gram protein. Although the method is not specific for
LP, measurement of the thiobarbituric acid reaction is an
easy and reliable method (Halliwell 2006), which is used as
an indicator of LP and ROS activity in biological samples.

GSH, GSH-Px and Protein Assay
The GSH content of PC12 cells was measured at 412 nm
using the method of Sedlak and Lindsay (1968). GSH-Px

activities of PC12 cells were measured spectrophotomet-
rically at 37°C and 412 nm according to the method of
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Lawrence and Burk (1976). The protein content in PC12
cells was measured by the method of Lowry et al. (1951)
with bovine serum albumin as the standard.

Vitamin C Analyses

Vitamin C (ascorbic acid) in PC12 cell samples was
quantified according to the method of Jagota and Dani
(1982). The absorbance of the samples was measured
spectrophotometrically at 760 nm.

Statistical Analysis

Data are expressed as means == SEM of the numbers of
determinations. Statistical significance was analyzed using
the SPSS program (9.05; SPSS, Inc., Chicago, IL). To
compare the different treatments, statistical significance
was calculated by the Mann—Whitney U test analysis.
P < 0.05 was considered to indicate a statistically signifi-
cant difference.

Results

Effects of Fish Oil and RISP on Cytosolic [Ca2+]i
Release

The effects of fish oil and RISP on cytosolic [Ca2+]i release
in PC12 cells are shown in Fig. 1. Cells were incubated

with RISP and fish oil with or without H,O, (100 uM) for
15 min. Cytosolic [Ca**]; release in PC12 cells were sig-
nificantly (P < 0.001) higher in the H,O, group than in the
control, fish oil and RISP groups. Cytosolic [Ca®*]; release
was significantly (P < 0.01) lower in the fish oil + H,O,
and RISP + H,O, groups than in the H,O, group. Cyto-
solic [Ca2+],~ release was significantly (P < 0.05) lower in
the fish oil + RISP + H,O, group than in the control, fish
oil and RISP groups. Hence, we found that RISP and fish
oil induced protective effects against oxidative stress-
induced [Ca2+]i release. Cytosolic [Ca2+]i release was also
significantly (P < 0.001) lower in the fish oil + RISP and
fish oil + RISP + H,0, groups than in the fish oil + H,O,
and RISP + H,0, groups. Hence, the protective effect of
the fish oil and RISP combination was higher (P < 0.001)
than that of RISP or fish oil alone against oxidative stress-
induced [Ca*); release.

Effects of Fish Oil and RISP on LP Levels

The effects of fish oil and RISP on LP levels in PC12 cells
are shown in Fig. 2. LP levels were significantly (P < 0.01)
higher in the H,O, group than in the control, fish oil and
RISP groups. LP levels were significantly (P < 0.01) lower
in the fish oil + H,0, (P < 0.05), RISP + H,0, (P < 0.01),
fish oil + RISP (P < 0.01) and fish oil + RISP + H,O,
(P < 0.05) groups than in the H,O, group only. Hence, we
found that RISP and fish oil induced protective effects
against oxidative stress-induced LP levels. However, the

Fig. 1 Effects of fish oil and 400 -
RISP on cytosolic [Ca**); 1 CONTROL
release in PC12 cells (n = 8, 4 2 FISH OIL
mean £ SD). * P < 0.05 and — 300 4
® p < 0.001 vs. control, fish oil E g 3— RISP
and RIS; ¢ P < 0.01 and = 2 4— H0,
4P <0.01 vs. H,0y; o 200 4 3 5— FISH OIL+H,0,
¢ P < 0.001 vs. fish oil + H,0, =
and RIS + H,0, Q . 6— RISP+H,0,
100 - i 7 — FISH OIL+RISP
8 — FISH OIL+RISP +H,0,
0 T T 1
0 100 300 400
Time (seconds)
50000
43000 .
% o 40000 B8
@ £ 35000 1 5
& 8 30000
3 & 25000
5;2 20000
g& 15000
T d adse
1?:3 i ade
002 FxhOMHI0) RISP+HX0)  FahOIRISP FahOI+RISP+HI02
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Fig. 2 Effects of fish oil and 90 -
RISP on LP levels in PC12 cells 80 -
(n = 8, mean £ SD). 70 4
“P<005and® P <001 vs. -l
control, fish oil and RIS; E
¢ P <0.05and® P <001 vs. a %1
H,0,; © P < 0.05 vs. fish 20 40 -
oil + H,0, % 30
~ 20 4
10 4

Comol Fih 01
protective effect of RISP on LP levels was higher (P < 0.05)
than in the fish oil group.

Effects of Fish Oil and RISP on GSH-Px, GSH
and Vitamin C

GSH-Px (P <0.05), GSH (P <0.05) and vitamin C
(P < 0.01) levels in PC12 cells were significantly lower in
the H,O, group than in the control, fish oil and RISP
groups (Figs. 3, 4, and 5). GSH-Px, GSH and vitamin C
levels were significantly higher in the fish oil + H,O, and
RISP + H,O, groups than in the H,O, (P < 0.01) and
control (P < 0.05) groups. GSH-Px, GSH and vitamin C
levels were also significantly higher in the fish oil + H,O,
and fish oil + RISP groups than in the H,O, (P < 0.01) and
control, fish oil, and RISP (P < 0.05) groups. Hence, we

Fig. 3 Effects of fish oil and 6 -
RISP on GSH-Px activity in
PC12 cells (n = 8, 5 -

mean + SD). * P < 0.05 and
® P <0.01 vs. control, fish oil
and RIS; © P < 0.01 and

4P <0.001 vs. HyO5;

(IUlg protein)
'

RISP H02

FshOQiFH202 RISP+H202  FuhO#+RISP FahOi+RISP+H202

found that RISP and fish oil induced protective effects on
GSH, vitamin C and GSH-Px values against oxidative
stress-induced decrease. GSH-Px, GSH and vitamin C
levels were also significantly (P < 0.001) higher in the fish
oil + RISP group than in the control (P < 0.01), H,O,
(P < 0.001), fish oil + H,O, and RISP + H,O, (P < 0.05)
groups. GSH-Px, GSH and vitamin C levels were signifi-
cantly (P < 0.05) lower in the fish oil + RISP + H,O,
group than in the fish oil + RISP group.

Discussion
The most important finding of this study is that membrane

LP levels as MDA and [Ca“]i values were elevated sig-
nificantly in PC12 cells exposed to oxidative stress com-

bde
I

¢ P < 0.05 vs. fish oil + H,0, 3 4

and RISP + H,0,; ' P < 0.05

vs. fish oil + RISP ol
1

Fig. 4 Effects of fish oil and 2,5 1

RISP on GSH levels in PC12

cells (n = 8, mean + SD). 2 4

2P <0.05and ® P <0.01 vs.

control, fish oil and RIS;

¢ P <0.01 and ¢ P < 0.001 vs.
H,0,; ¢ P < 0.05 vs. fish

oil + HZOZ and RISP + Hzoz;
fP <0.05 vs. fish oil + RISP

(nmol'g protein)

Control Fsh 0d

H202 FshOi+H202 RISP+H202  FshOi+RISP FishOQi+RISP+E2O2
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Fig. 5 Effects of fish oil and
RISP on vitamin C levels in
PCI12 cells (n = 8,

mean & SD). * P < 0.05 and
® p < 0.01 vs. control, fish oil
and RIS; ¢ P < 0.01 and

4P <0.001 vs. HyO5;

¢ P < 0.05 vs. fish oil + H,0,
and RISP + H,0,; f P < 0.05
vs. fish oil + RISP

Lond (]
L un (=] wa
L " L J

(mol! 105 cells)

o
i

Comol Fish 01

pared to control PC12 cells, whereas GSH, GSH-Px and
vitamin C values were decreased by incubation with oxi-
dative stress. LP and [Ca2+]i values were reduced to con-
trol levels by fish oil and RISP supplementation, whereas
GSH, GSH-Px and vitamin C values were increased by the
supplementations. To our knowledge, this is the first
comparative study of RISP and fish oil on [Ca®T]; release
and the oxidative and antioxidant system in cell culture
medium. There is evidence that psychotic disorders might
impair antioxidant defense and increase LP as antipsy-
chotic treatment itself increases oxidative stress and indu-
ces irreversible neuropathological changes in animal and
human models (Mahadik et al. 1998; Akyol et al. 2002).

LP levels were found to be elevated significantly in PC12
cells exposed to oxidative stress compared to control PC12
cells. However, LP levels were decreased by fish oil sup-
plementation, whereas GSH, GSH-Px and vitamin C values
were increased by the supplementation. The elevation of LP
as an indicator of ROS production and one of the key indices
of membrane pathology may be involved in the patho-
physiology of schizophrenia (Akyol et al. 2002). It has been
suggested that LP may be one of the major mechanisms of
the consistently observed reduction of EPUFAs in schizo-
phrenia (Mahadik et al. 1998). Reduced levels of phospho-
lipids and EPUFAs in erythrocyte membranes (Keshavan
et al. 1993) and brain homogenates (Horrobin et al. 1991)
from patients with schizophrenia have been reported. Recent
studies have reported that EPUFAs were reduced in post-
mortem brain tissue from schizophrenic patients (Zhang
et al. 2006). In contrast to our results, in the study of Pillai
et al. (2007) GSH-Px activity in rats did not change with 90-
day RISP treatment.

LP levels in the current study were decreased by RISP
supplementation. Oxidative stress induced by antipsychotic
treatment is a hypothesis that should be taken into account
concerning schizophrenia. There is also evidence of an
impaired antioxidant defense and increased ROS-mediated
cellular injury in animal models and patients with schizo-
phrenia (Mahadik et al. 1998, 2001, 2003). For a long time,
the theory that striatal postsynaptic dopamine receptor
supersensitivity causes schizophrenia has been widely
accepted, but new evidence may change this model. A new
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hypothesis combining the facts that antipsychotics enhance
striatal glutamatergic neurotransmission by blocking pre-
synaptic dopamine receptors and cause neuronal damage
by oxidative stress was presented (Tsai et al. 1998). Using
the model of glutaminergic neurotransmission and the
evidence of long-lasting persistence of antipsychotics in
the human brain and the “fast disassociation hypothesis” of
antipsychotics as an explanation for atypical antipsychotics
(Kapur and Seeman 2001; Kropp et al. 2005), our results
may explain why RISP showed lower levels of oxidative
stress in the current study. Similarly, Kropp et al. (2005)
reported that plasma LP levels in patients with schizo-
phrenia significantly decreased with RISP treatment.

ROS act as subcellular messengers in such complex
processes as mitogenic signal transduction, gene expression
and regulation of cell proliferation when they are generated
excessively or when enzymatic and nonenzymatic defense
systems are impaired (Naziroglu 2007a, b). Superoxide
dismutase converts superoxide radical to H,O,. The major
intracellular antioxidant enzyme GSH-Px detoxifies H,O, to
water and removes organic hydroperoxides (Halliwell
2006). Neuronal cells are very vulnerable to oxidative stress
because of their elevated consumption of oxygen and con-
sequent generation of large amounts of ROS (Whanger
2001; Naziroglu 2007b). Results of the current study dem-
onstrate an increase in GSH-Px activity and vitamin C levels
in response to RISP and fish oil treatment of oxidative stress-
exposed PC12 cells. Enhancement of their levels may pro-
vide an effective defense from the damaging effects of not
only superoxide anion and H,O; but also the highly reactive
and damaging hydroxyl radical (Halliwell 2006). Moreover,
the observed restraint stress-induced reductions in GSH
levels and activities of GSH-Px scavenging damage the
second line of antioxidant defense. GSH is a multifunctional
intracellular nonenzymatic thiol antioxidant, and the GSH
system is very important in cellular defenses against oxi-
dative stress. A similar depletion of brain GSH has previ-
ously been reported in rats under stress-induced depression
(Eren et al. 2007; Zafir et al. 2009). RISP is found to reverse
effectively this coordinate oxidative stress-induced decline
in GSH and GSH-Px by restoring disrupted GSH pathways;
it is plausible that antipsychotic supplementation may exert
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the observed antioxidant effects via restoration of critical
GSH-related processes such as ROS scavenging, detoxifi-
cation of electrophilic compounds, modulation of cellular
redox status and thiol-disulfide status of proteins and regu-
lation of cell signaling and repair pathways (Whanger 2001;
Zhang et al. 2006). Similarly, Zhang et al. (2006) reported
decreased activity of GSH-Px in patients with schizophre-
nia. In contrast, some other studies (Reddy et al. 1991; Yao
et al. 1999) failed to find any differences in GSH-Px activity
between schizophrenic patients and normal controls.
Numerous research groups also have reported elevated
GSH-Px activity in schizophrenia (Herken et al. 2001).

It has been suggested that EPA inhibits PLA,, which is
elevated in schizophrenia, and that this may prevent the
reduction of membrane EPUFAs. However, the findings of
elevated levels of PLA, are consistent (Arvindakshan et al.
2003). Also, the increased PLA, seems to be associated
with the increased peroxidation and worsening of clinical
symptoms (Ross 2003). Several studies have indicated that
elevation of PLA, is associated with increased peroxidation
and is thus a repair response to replace peroxidated
EPUFAs (Arvindakshan et al. 2003). It is likely that, in the
current study, use of PUFAs may have reduced LP levels
and subsequently reduced levels of PLA, and, thus, may
have contributed to the increase in membrane PUFAs. This
may also support the advantage of fish oil supplementation
in oxidative stress-induced schizophrenia. However, this
needs to be systemically investigated by simultaneous
analysis of oxidative stress and membrane EPUFASs in cell
culture medium.

Cytosolic Ca®" has been presented as a key regulator of
cell survival, but this ion can also induce apoptosis in
response to a number of pathological conditions (Naziroglu
2009). In addition, the mitochondria act as Ca®* buffers by
sequestering excess Ca>* from the cytosol (Hajnéczky et al.
2006). Ca*"-mobilizing agonists can effectively produce a
rapid, simultaneous and reversible cessation of the move-
ments of both the endoplasmic reticulum (ER) and mito-
chondria, which is strictly dependent on a rise in [Ca**];.
This inhibition in mitochondrial motility reflects an
increased mitochondrial Ca’* uptake and, thus, enhances
the local Ca**-buffering capacities of mitochondria, with
important consequences for signal transduction (Bubber
etal. 2004). Ca®" overloading in mitochondria can induce an
apoptotic program by stimulating the release of apoptosis
promoting factors like cytochrome ¢ and by generating ROS
due to respiratory chain damage (Hajndczky et al. 2006;
Naziroglu 2007a). Furthermore, mitochondria have been
found to play a pivotal role in Ca*" signaling (Hajnéczky
et al. 2006). In fact, the release of Ca”* from ER stores by
IP3 receptors has been implicated in multiple models of
apoptosis as being directly responsible for mitochondrial
Ca”* overload (Putney and McKay 1999; Bubber et al.

2004). Stored Ca®" is crucial for a number of cellular
functions, including signal transduction cascades that
respond to stress conditions (Naziroglu, 2007a). We pro-
vided compelling evidence that mitochondrial Ca** uptake
evoked by rises in [Caz+]i induces mitochondrial membrane
depolarization. Our results indicate that the blockade of both
Ca*" uptake into mitochondria with fish oil and RISP and
rises in [Ca2+]i was able to decrease LP mediated by H,O,,
which releases Ca”" from intracellular stores.

In conclusion, fish oil and RISP have protective effects
on oxidative stress, the antioxidant redox system and Ca**
release in HyO,-exposed PC12 cells. Our current study on
PC12 cells taken together with in vitro studies on improved
cognition with fish oil and RISP in schizophrenia suggest
an unappreciated therapeutic potential for this drug in
psychiatric diseases such as schizophrenia and depression,
which are characterized by oxidative stress.

Acknowledgements M. N. formulated the present hypothesis and was
responsible for writing the report. S. A. and A. C. U. were responsible for
data analyses. R. O. made critical revisions to the manuscript. The study
was partially supported by the Scientific Research Unit of Suleyman
Demirel University (protocol 1856-TU-09).

References

Akan P, Kizildag S, Ormen M, Genc S, Oktem MA, Fadillioglu M
(2009) Pregnenolone protects the PC12 cell line against amyloid
beta peptide toxicity but its sulfate ester does not. Chem Biol
Interact 177:65-70

Akyol O, Herken H, Uz E, Fadillioglu E, Unal S, Sogut S, Ozyurt H,
Savas HA (2002) The indices of endogenous oxidative and
antioxidative processes in plasma from schizophrenic patients.
The possible role of oxidant/antioxidant imbalance. Prog
Neuropsychopharmacol Biol Psychiatry 26:995-1005

Arab K, Rossary A (2006) Docosahexaenoic acid enhances the
antioxidant response of human fibroblasts by upregulating gama-
glutamyl-cysteinly ligase and glutathione reductase. Br J Nutr
95:18-26

Arvindakshan M, Ghate M, Ranjekar PK, Evans DR, Mahadik SP
(2003) Supplementation with a combination of omega-3 fatty
acids and antioxidants (vitamins E and C) improves the outcome
of schizophrenia. Schizophr Res 62:195-204

Bai O, Wei Z, Lu W (2002) Protective effects of atypical antipsy-
chotic drugs on PC12 cells after serum withdrawal. J Neurosci
Res 69:278-283

Ben-Shachar D, Laifenfeld D (2004) Mitochondria, synaptic plastic-
ity, and schizophrenia. Int Rev Neurobiol 59:273-296

Bilici M, Efe H, Koroglu MA, Uydu HA, Bekaroglu M, Deger O
(2001) Antioxidative enzyme activities and lipid peroxidation in
major depression: alterations by antidepressant treatments.
J Affect Disord 64:43-51

Bubber P, Tang J, Haroutunian V, Xu H, Davis KL, Blass JP, Gibson
GE (2004) Mitochondrial enzymes in schizophrenia. J Mol
Neurosci 24:315-321

Dietrich-Muszalska A, Rabe-Jabtonska J, Olas B (2010) The effects
of the second generation antipsychotics and a typical neuroleptic
on collagen-induced platelet aggregation in vitro. World J Biol
Psychiatry 11(2 Pt 2):293-299

@ Springer



218

S. Altinkilig et al.: Risperidone, Fish Oil and Ca>* Release

Eren I, Naziroglu M, Demirdag A (2007) Protective effects of
lamotrigine, aripirazole and escitalopram on depression-induced
oxidative stress in rat brain. Neurochem Res 32:1188-1195

Espino J, Mediero M, Bejarano I, Lozano GM, Ortiz A, Garcia JF,
Rodriguez AB, Pariente JA (2009) Reduced levels of intracel-
lular calcium releasing in spermatozoa from asthenozoospermic
patients. Rep Biol Endocrinol 7:11

Greene LA, Tischer A (1976) Establishment of a noradrenergic clonal
line of rat adrenal pheochromocytoma cells with respond to
nerve growth factor. Proc Natl Acad Sci 73:2424-2428

Grynkiewicz C, Poenie M, Tsien RY (1985) A new generation of
Ca”* indicators with greatly improved fluorescence properties.
J Biol Chem 260:3440-3450

Hajndczky G, Csordas G, Das S, Garcia-Perez C, Saotome M, Roy
SS, Yi M (2006) Mitochondrial calcium signaling and cell death:
approaches for assessing the role of mitochondrial Ca*t uptake
in apoptosis. Cell Calcium 40:553-560

Halliwell B (2006) Oxidative stress and neurodegeneration: where are
we now? J Neurochem 97:1634-1658

Heemskerk JW, Feijge MA, Henneman L, Rosing J, Hemker HC
(1997) The Ca>"-mobilizing potency of alpha-thrombin and
thrombin receptor-activating peptide on human platelets con-
centration and time effects of thrombin-induced Ca®" signalling.
Eur J Biochem 249:547-555

Herken H, Uz E, Ozyurt H, Sogiit S, Virit O, Akyol O (2001)
Evidence that the activities of erythrocyte free radical scaveng-
ing enzymes and the products of lipid peroxidation are increased
in different forms of schizophrenia. Mol Psychiatry 6:66-73

Horrobin DF, Manku MS, Hillman H, Lain A, Glen M (1991) Fatty
acid levels in the brains of schizophrenics and normal controls.
Biol Psychiatry 30:795-805

Jagota SK, Dani HM (1982) A new colorimetric technique for the
estimation of vitamin C using Folin phenol reagent. Anal
Biochem 127:178-182

Kapur S, Seeman P (2001) Does fast dissociation from the dopamine
D, receptor explain the action of atypical antipsychotics? A new
hypothesis. Am J Psychiatry 158:360-369

Keshavan MS, Mallinger AG, Pettegrew JW, Dippold C (1993)
Erythrocyte membrane phospholipids in psychotic patients.
Psychiatry Res 49:89-95

Kropp S, Kropp S, Kern V, Lange K, Degner D, Hajak G, Kornhuber J,
Riither E, Emrich HM, Schneider U, Bleich S (2005) Oxidative
stress during treatment with first- and second-generation antipsy-
chotics. J Neuropsychiatry Clin Neurosci 17:227-231

Lawrence RA, Burk RF (1976) Glutathione peroxidase activity in
selenium-deficient rat liver. Biochem Biophys Res Commun
71:952-958

Lowry OH, Rosebrough NJ, Farr AL, Randall RJ (1951) Protein
measurement with the Folin-phenol reagent. J Biol Chem
193:265-275

Mahadik SP, Evans DR (2003) Is schizophrenia a metabolic brain
disorder? Membrane phospholipid dysregulation and its thera-
peutic implications. Psychiatr Clin North Am 26:85-102

Mahadik SP, Mukherjee S, Scheffer R, Correnti EE, Mahadik JS
(1998) Elevated plasma lipid peroxides at the onset of nonaf-
fective psychosis. Biol Psychiatry 43:674-679

Mahadik SP, Evans D, Lal H (2001) Oxidative stress and role of
antioxidant and omega-3 essential fatty acid supplementation in
schizophrenia. Prog Neuropsychopharmacol Biol Psychiatry
25:463-493

Naziroglu M (2007a) New molecular mechanisms on the activation of
TRPM2 channels by oxidative stress and ADP-ribose. Neuro-
chem Res 32:1990-2001

Naziroglu M (2007b) Molecular mechanisms of vitamin E on
intracellular signaling pathways in brain. In: Goth L (ed)

@ Springer

Reactive oxygen species and diseases. Research Signpost Press,
Kerala, India, pp 239-256

Naziroglu M (2009) Role of selenium on calcium signaling and
oxidative stress-induced molecular pathways in epilepsy. Neu-
rochem Res 34:2181-2191

Pillai A, Parikh V, Terry AV Jr, Mahadik SP (2007) Long-term
antipsychotic treatments and crossover studies in rats: differen-
tial effects of typical and atypical agents on the expression of
antioxidant enzymes and membrane lipid peroxidation in rat
brain. J Psychiatr Res 41:372-386

Placer ZA, Cushman L, Johnson BC (1966) Estimation of products of
lipid peroxidation (malonyldialdehyde) in biological fluids. Anal
Biochem 16:359-364

Putney JW, McKay RR (1999) Capacitative calcium entry. Bioesseys
21:38-46

Ranjekar PK, Hinge A, Hegde MV, Ghate M, Kale A, Sitasawad S,
Wagh UV, Debsikdar VB, Mahadik SP (2003) Decreased
antioxidant enzymes and membrane essential polyunsaturated
fatty acids in schizophrenic and bipolar mood disorder patients.
Psychiatry Res 121:109-122

Reddy RD, Sahebarao MP, Mukherjee S, Murthy JN (1991) Enzymes
and the antioxidant defense system in chronic schizophrenic
patients. Biol Psychiatr 30:409—412

Ross BM (2003) Phospholipid and eicosanoid signaling disturbances
in schizophrenia. Prostaglandins Leukot Essent Fatty Acids
69:407-412

Sarandol A, Kirli S, Akkaya C, Altin A, Demirci M, Sarandol E
(2007) Oxidative-antioxidative systems and their relation with
serum S100 B levels in patients with schizophrenia: effects of
short term antipsychotic treatment. Prog Neuropsychopharmacol
Biol Psychiatry 31:1164-1169

Sedlak J, Lindsay RHC (1968) Estimation of total, protein bound and
non-protein sulfhydryl groups in tissue with Ellmann’s reagent.
Anal Biochem 25:192-205

Sivrioglu EY, Kirli S, Sipahioglu D, Gursoy B, Saranddl E (2007)
The impact of omega-3 fatty acids, vitamins E and C supple-
mentation on treatment outcome and side effects in schizophre-
nia patients treated with haloperidol: an open-label pilot study.
Prog Neuropsychopharmacol Biol Psychiatry 31:1493-1499

Tsai G, Goff DC, Chang RW, Flood J, Baer L, Coyle JT (1998) Markers
of glutamatergic neurotransmission and oxidative stress associ-
ated with tardive dyskinesia. Am J Psychiatry 155:1207-1213

Uguz AC, Naziroglu M, Espino J, Bejarano I, Gonzélez D, Rodriguez
AB, Pariente JA (2009) Selenium modulates oxidative stress-
induced cell apoptosis in human myeloid HL-60 cells via
regulation of caspase-3, -9 and calcium influx. J] Membr Biol
232:15-23

Wang X (2001) The expanding role of mitochondria in apoptosis.
Genes Dev 15:2922-2933

Wang H, Xu H, Dyck LE, Li X-M (2005) Olanzapine and quetiapine
protects PC12 cells from f-amyloid peptides,s_zs-induced oxida-
tive stress and the ensuing apoptosis. J Neurosci Res 81:572-580

Whanger PD (2001) Selenium and the brain: a review. Nutr Neurosci
4:81-97

Yao JK, Reddy R, van Kammen DP (1999) Human plasma
glutathione peroxidase and symptom severity in schizophrenia.
Biol Psychiatry 45:385-391

Zafir A, Ara A, Banu N (2009) Invivo antioxidant status: a putative
target of antidepressant action. Prog Neuropsychopharmacol
Biol Psychiatry 33:220-228

Zhang XY, Tan YL, Cao LY, Wu GY, Xu Q, Shen Y, Zhou DF
(2006) Antioxidant enzymes and lipid peroxidation in different
forms of schizophrenia treated with typical and atypical
antipsychotics. Schizophr Res 81:291-300



	Fish Oil and Antipsychotic Drug Risperidone Modulate Oxidative Stress in PC12 Cell Membranes Through Regulation of Cytosolic Calcium Ion Release and Antioxidant System
	Abstract
	Introduction
	Materials and Methods
	Chemicals
	Cell Culture
	Study Groups
	Measurement of Cytosolic [Ca2+]i
	LP Determinations
	GSH, GSH-Px and Protein Assay
	Vitamin C Analyses
	Statistical Analysis

	Results
	Effects of Fish Oil and RISP on Cytosolic [Ca2+]i Release
	Effects of Fish Oil and RISP on LP Levels
	Effects of Fish Oil and RISP on GSH-Px, GSH and Vitamin C

	Discussion
	Acknowledgements
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


