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Abstract

The anti-oxidant and cyto-protective activity of quercetin against tertiary-butylhydroperoxide (z-BOOH) induced oxidative
stress on C6 glial cells is reported. Exposure of the cells to zBOOH resulted in a significant increase in cytotoxicity, reactive
oxygen species (ROS) generation and lipid peroxidation. There was a significant increase in DNA strand breaks and fall in
reduced GSH levels in cells exposed to --BOOH. A significant increase in calcium ion influx was noticed in cells exposed to z-
BOOH. Pre-treatment of cells with quercetin, vitamin C (vit C), Trolox, and deferoxamine (DFO) significantly inhibited -
BOOH induced cytotoxicity and ROS generation. Pretreatment of cells with quercetin, Trolox and DFO inhibited the DNA
damage, maintained higher GSH levels and prevented calcium influx significantly. Although vit C protected the cells from
cytotoxicity induced by ~-BOOH, the intracellular Ca®" levels were significantly higher than the control cells. However, anti-
oxidants like butylated hydroxy toluene (BHT), vitamin E (vit E), N-acetyl cysteine (NAC) did not have significant

cytoprotection against -BOOH induced oxidative injury in C6 glial cells.
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Introduction

Brain is highly susceptible to oxidative insults owing to
the fact that it has high iron and lipid content. It
utilizes 20% of the total oxygen consumed by body
though it comprises only 2% of the body weight [1].
Oxidative stress leads to enhanced production of
reactive oxygen species (ROS), which can modify
DNA, proteins, lipids and carbohydrates in cells [2,3]
resulting in various neurological disorders [4,5]. In
addition, the brain has much lower levels of super-
oxide dismutase, glutathione peroxidase and catalase
relative to kidney and liver [6]. It has been reported
that the adult brain consists of about 10''-10'2
neurons and at least twice the number of glial cells [7].
The astrocytes are largely responsible for protecting
neurons against oxidative injuries [8,9]. Apart from
providing protection to neurons against oxidative

insults, astrocytes have recently been reported to
perform a variety of important functions in brain.
These studies indicate that astrocytes play an
important role in synaptogenesis and proper neuronal
synaptic functions, maintaining the ionic environment
and pH of the extracellular spaces, secreting growth
factors, insulating the neurons and forming the blood
brain barrier (BBB) [10,11]. All of these functions are
vital for sustaining neuronal functions and structure.
Any injury to astrocytes will thus be indirectly
responsible for degeneration of structural and func-
tional integrity of neurons, which in turn may lead to
neurodegenerative disorders. Astrocytes as they age
become more vulnerable to oxidative stress even
though their antioxidant defense system seems to be
maintained. The increase in vulnerability is related to
increase in iron content [12] and altered iron
deposition and metabolism has been implicated to

Correspondence: Dr M. Sairam, Defence Institute of Physiology & Allied Sciences, Timarpur,Lucknow Road, Delhi 110054, India.

E-mail: sairam64@rediffmail.com

ISSN 1071-5762 print/ISSN 1029-2470 online © 2006 Taylor & Francis
DOI: 10.1080/10715760500335447

RIGHTS

i
L

| MR



Free Radic Res Downloaded from informahealthcare.com by Library of Health Sci-Univ of 1l on 11/30/11

For personal use only.

96 B. Gitika et al.

play a significant role in neurodegenerative diseases
including Parkinsonism and Alzheimer’s disease [13].

Flavonoids comprise a large group of low molecular
weight polyphenolic substances reported to have a
number of biological activities [14,15]. They are one
of the bioactive dietary components responsible for
antioxidant effects of fruits and vegetables. Currently,
there is no accurate information available on dietary
intake of flavonoids. Hertog et al. [16] reported that
the daily intake of two flavonoids, i.e. flavones and
flavonols, was found to be 23mg in Dutch diet.
However, Kuhnau [17] estimated the intake of the
three same flavonoids to be at 115mg/day. The
differences in these studies were attributed to
the differences in the analytical techniques employed.
The health promoting properties of flavonoids against
a number of degenerative diseases like cardiovascular,
cerebro-vascular, certain forms of cancer, Alzheimer’s
disease, Parkinson’s diseases, etc. have received much
attention in recent years [18—-21]. These compounds
are known to possess a range of pharmacological
effects of which many are linked to their ability to
scavenge free radicals, to chelate metal ions and to
synergistic effects with other anti-oxidants [22-24].
Most studies of the neuroprotective activities of
flavonoids against oxidative injury have been carried
out on neurons [18,25,26]. Recently, van Meeteren
et al. [27] reported that the flavonoids protect
oligodendrocytes from ROS induced -cytotoxicity.
However, to the best of our knowledge, not many
studies have been carried out to evaluate the cyto-
protective activity of flavonoids against the oxidative
injury on the astrocytes.

Thus, present study was designed to determine the
cyto-protective efficacy of quercetin against tertiary-
butylhydroperoxide (--BOOH) induced oxidative
stress using C6 glioma cells as model system. C6
cells exhibit many properties of astrocytes including
the expression of astrocyte specific markers glial
fibrillary acidic protein (GFAP) and S-100 protein
[28,29]. An attempt has also been made to compare its
activity with a number of anti-oxidants such as iron
chelator deferoxamine mesylate (DFO), antioxidants
such as butylated hydroxy toluene (BHT), vitamin C
(vit C), Trolox and vitamin E (vit E) and glutathione
precursors such as N-acetyl cysteine (NAC) in
providing cytoprotection against ~-BOOH induced
oxidative stress.

Materials and methods
Cell culture

C6 glioma cells were obtained from National Center
for Cell Science INCCS), Pune, India. The cells were
propagated in MEM supplemented with 10% fetal calf
serum, 100 pg/ml ampicillin and 100 pg/ml strepto-
mycin at 37°C in a humidified CO, incubator. The

cells were grown to density of 1 X 10%well in 96 well
plates (Greinner, Germany) for determination of
cytotoxicity and ROS levels. The cells were grown in
24 well plates (Falcon make) to a density of about
1 X 10°/well for determination of anti-oxidant levels,
DNA strand breaks and intracellular Ca** levels.

Experimental setup

In pilot experiments, the optimal incubation time and
concentration of ~-BOOH required to produce
cytotoxicity on C6 glial cells were determined (data
were not shown). The range of doses used for various
antioxidants used in the study was based on
preliminary iz vitro experiments. The lowest concen-
tration of the antioxidants that provided maximum
cytoprotection against -BOOH induced cytotoxicity
was used in the present study. C6 glial cells were
incubated with 100 uM of ~-BOOH for 3h in the
absence or presence of different antioxidants for
determination of cytotoxicity and ROS. The cells were
exposed to 100 uM ~-BOOH for 1h (optimum time)
for determination of DNA strand breaks and
intracellular calcium levels. For measuring lipid
peroxidation, the cells were exposed to 2mM ¢-
BOOH for 30 min. For evaluating GSH levels, the
cells were exposed to --BOOH for 1, 2 and 3h. To
determine the efficacy of various antioxidants, the
cells were supplemented with respective antioxidants
30min before -BOOH addition. Quercetin and
Trolox were dissolved in ethanol (the final ethanol
concentration was less than 0.5% in the medium)
while vit C, NAC and DFO were dissolved in PBS. Vit
E and BHT were emulsified in PBS containing 0.1%
Tween 80. The final concentration of antioxidants in
the culture medium was: quercetin 75 pM, vit C
60 M, Trolox 500uM, BHT 200upM, DFO
1.5mM, NAC 1 mM and vit E 500 pnM.

Determunation of cytotoxicity

Cytotoxicity was studied by using neutral red, a supra-
vital dye that is selectively taken up by the live cells
[30]. Briefly 10 pl of neutral red dye (0.1%) was added
to the cells and incubated at 37°C in CO, incubator
for 3h. Later the cells were washed three times with
saline followed by the addition of 200 pl of ethanol-
acetic acid (50:1) solution. The O.D. was then
measured at 570nm using (molecular devices)
ELISA reader.

Measurement of reactive oxygen species (ROS)

It was determined by using a fluorescent probe 2,7-
dichloro fluorescein-diacetate (DCFH-DA) as
described previously [31]. Briefly, after treatment,
10l of DCFH-DA stock solution (200 M in
DMSO) was added to the 190 pl of medium in 96
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well plates to get a final concentration of 10 wM. The
cells were incubated at 37°C for 30min in CO,
incubator. The cells were then washed three times
with PBS and the fluorescence was measured by
multiwell spectrofluorimeter (Varian, USA) with an
excitation at 485 nm and emission at 530 nm.

Single cell gel electrophoresis or Comet assay

It was carried out as described by Tice [32].
Microscope slides were pre-coated with normal
melting point agarose (0.1%). After incubation, the
cells were washed twice in PBS and 100 pl of cell
suspension (3.5 X 10* cells) was mixed in warm low
gelling agarose (0.75%), pipetted onto the slides and
allowed the agarose to solidify. The slides were placed
in cold lysis solution (SDS 2.5%, sodium sarcosinate
1% and EDTA 25mM, pH 9.5) for 15min and
electrophoresed for 5 min at 2 V/cm. The slides were
washed in distilled water, stained with propidium
iodide (25 pg/ml) and the cells were then visualized
using Hunds fluorescence microscope. One hundred
nuclei on each slide were scored and given a score
from 0 (undamaged nuclei) to 4 (severely damaged
nucleus) as per the method described earlier [33].
Samples were scored in random order and results were
expressed as percentage DNA damage taking control
as zero.

Determination of lipid peroxidation

The extent of lipid peroxidation was measured using a
fluorescent probe, cis-parinaric acid (9,11,13,15-
octadecatetraenoic acid) as described by Van den
Berg et al. [34]. cis-Parinaric acid has four conjugated
double bonds that render it fluorescent and which are
readily attacked in lipid peroxidation reaction. After
incubation with antioxidants, 10 pl of cis-parinaric
acid (2 pg/ml) was added to the cells and incubated for
25 min. Later, -BOOH was added to a final
concentration of 2mM and the fall in fluorescence
was measured with excitation at 313 nm and emission
at 413 nm at different time intervals (0, 15, 30 min).

Determination of reduced glutathione levels

After incubation, the cells were lysed by adding 200 1
of lysis buffer (10mM Tris, 20mM EDTA, 0.25%
Triton X-100 pH 8). The glutathione (GSH) levels in
cell lysates were determined fluorimetrically as
described earlier [35].

Calcium influx assay

Calcium influx was determined flow cytometrically
using fluo3-AM as described earlier [36]. Since
increase in calcium levels is an early event in cellular
injury, therefore, calcium levels were measured after
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1h of exposure to --BOOH. Briefly, after treatment,
the cells were incubated with 8 uM of fluo3-AM for
45 min at 37°C in dark. The cells were washed twice
with PBS and incubated for another 20 min at 37°C in
HEPES buffered Ringer’s Medium (in mM—120
NaCl, 5.4 KCI, 0.8 MgSQO,4, 1.0 CaCl,, 11 glucose,
20 wM HEPES and 0.2% BSA at pH 7.4). After
20 min incubation, the cells were washed with same
buffer devoid of calcium, trypsinized and suspended
in 500 pl of PBS for flow-cytometric analysis (FACS
Calibure, Becton Dickinson, USA).

Results
Chyrotoxicity

The cyto-protective activity of quercetin and various
other anti-oxidants was evaluated by neutral red assay.
There is a significant increase in cytotoxicity (76%)
when the cells were exposed to 100 M of -BOOH for
3h (Figure 1). Pre-treatment of cells with quercetin
significantly attenuated the cytotoxicity induced by
-BOOH. Similarly, water-soluble free radical scaven-
gers (vit C and Trolox) and metal ion chelator DFO
gave significant cytoprotection (p < 0.001). However,
lipophilic free radical scavengers (vit E and BHT) and
glutathione precursor (NAC) had no appreciable
effect on the cytotoxicity induced by ~BOOH in C6
glial cells.

ROS generation and DNA damage

There is a significant increase in ROS generation by
about 2.8 times in cells exposed to --BOOH relative to
control cells (Figure 2). Pre-treatment of cells with
quercetin, vit C, Trolox and DFO appreciably
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Figure 1. Cytoprotective activity of quercetin against -BOOH
induced cytotoxicity in C6 glial cells. Cells were grown to a density of
1 x 10%well in 96 microtitre plate and incubated with quercetin or
other antioxidants for 30 min before exposing the cells to 100 uM of
-BOOH. After 3 h of treatment, cells were assessed for cytotoxicity by
neutral red assay. (1) Control, (2) #BOOH (100 pM), (3) vit C
(60 pM) + -BOOH, (4) NAC (1mM) + +BOOH, (5) quercetin
(75 M) + ~BOOH, (6) BHT (200 pM) + -BOOH, (7) DFO
(1.5mM) + ~-BOOH, (8) vit E (500 uM) + -BOOH, (9) Trolox
(500 pM) + --BOOH.
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Figure 2. Effect of quercetin on -BOOH induced ROS generation
and DNA damage. ROS generation was measured by incubating
cells with DCFH-DA (20 nM) for 30 min at 37°C after 3 h exposure
of cells to 100 M of -BOOH in the presence or absence of
quercetin or various antioxidants. DNA strand breaks were
determined at the end of 1h of incubation with 100 pM ~-BOOH
in the presence or absence of quercetin or other antioxidants using
comet assay. (1) Control, (2) ~BOOH (100puM), (3) vit C
(60 M) + -BOOH, (4) NAC (1 mM) + -BOOH, (5) quercetin
(75 M) + ~BOOH, (6) BHT (200 uM) + -BOOH, (7) DFO
(1.5mM) + ~-BOOH, (8) vit E (500 pM) + -BOOH, (9) Trolox
(500 uM) + -BOOH.

inhibited the ROS generation and maintained their
values similar to that of control cells. However,
supplementation of NAC, BHT marginally inhibited
the ROS generation induced by :-BOOH while vit E
had no significant effect (Figure 2).

Exposure of cells to -BOOH resulted in a
significant increase in DNA strand breaks by about
90% relative to that of control cells. Pre-treatment of
cells with quercetin, vit C, Trolox, NAC and DFO
prevented DNA damage considerably. However,
supplementation of vit E or BHT had little effect on
-BOOH induced DNA damage. (Figure 2).

Lipid peroxidation

Since quercetin, vit C, Trolox and DFO had
significant protection against cytotoxicity and geno-
toxicity, we determined the relative abilities of these
antioxidants to inhibit the lipid peroxidation induced
by ~BOOH using cis-parinaric acid as a fluorescent
probe. There was an appreciable increase in lipid
peroxidation when the cells were exposed to -BOOH
(Figure 3). Pre-treatment of cells with quercetin, vit
C, Trolox and DFO inhibited the lipid peroxidation
significantly, the order of activity is quercetin > vit
C > Trolox > DFO (Figure 3).

GSH levels

The GSH levels were determined both during 1, 2 and
3h of ~-BOOH treatment to understand the dynamics
of GSH metabolism in C6 glial cells. Since, no
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Figure 3. Effect of quercetin on BOOH induced lipid

peroxidation using cis-parinaric acid (2 pg/ml). The cells (1 X 108
cells/ml) were incubated with quercetin or other antioxidants for
30 min before labeling with cis-parinaric acid for 25 min. The cells
were then exposed to 2mM of ~BOOH for 30 min and the fall in
fluorescence was monitored spectrofluorometrically every 15 min.

significant difference was observed between the GSH
levels at 1 and 2h, the data at 2h are not shown.
Exposure of cells to ~BOOH for 1h resulted in a
considerable fall in intracellular GSH levels by about
30% when compared to control cells; however, GSH
levels dropped further to 40% of control cells after 3h
of incubation in the presence of -BOOH (Figure 4).
Supplementation of quercetin or DFO maintained
higher GSH levels in C6 glial cells both at 1 and 3 h of
-BOOH treatment. In the presence of vit C, Trolox
and BHT, the cells maintained GSH levels similar to
that of control cells throughout the period of
incubation.

Supplementation of NAC or vit E maintained
higher GSH levels in C6 glial cells by about 2.5 and
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Figure 4. Effect of quercetin on intracellular GSH levels in C6 glial
cells. Cells were grown in 24 well plate to a density of 1 X 10°/well and
exposed to 100 wM of --BOOH for 1 or 3 h in the presence or absence
of quercetin or other antioxidants. The GSH levels were determined
fluorometrically in cell lysates. (1) Control, (2) z-BOOH (100 p.M),
(3) vit C (60uM) + -BOOH, (4) NAC (1 mM) + -BOOH,
(5) quercetin (75 uM) + -BOOH, (6) BHT (200 M) + ~BOOH,
(7) DFO (1.5mM) + +~BOOH, (8) vit E (500 .M) + ~BOOH,
(9) Trolox (500 pM) + ~BOOH.
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Figure 5.

Effect of quercetin on intracellular calcium levels in cells exposed to ~BOOH. Cells were treated with 100 uM ~-BOOH for 1h in

the presence or absence of quercetin or other antioxidants. After treatment, the cells were incubated with Fluo-3AM (8 uM) for 45 min and

intracellular calcium levels were determined flow cytometrically.

1.8 times, respectively, to that of control cells during
1h of +~BOOH treatment. However, their levels
dropped sharply at 3h following pre-treatment with
NAC or vit E in the presence of =-BOOH (Figure 4).

Intracellular calcium levels

There is a considerable increase in the intracellular
calcium level by about 10 times in cells exposed to
-BOOH relative to control cells. Supplementation of
cells with quercetin or Trolox or DFO significantly
inhibited intracellular calcium levels as compared to
-BOOH treated cells. However, supplementation of
NAC or BHT had no significant effect on the influx
of calcium ions induced by ~-BOOH (Figure 5).
Interestingly, in the presence of vitamins C and E,
the calcium levels were much higher than ~-BOOH
treated cells.

Discussion

The above results show that the flavonoid quercetin
protects the C6 glial cells from oxidative injury
induced by BOOH. In the present study, we
determined the ability of quercetin in preventing
cytotoxicity, ROS generation, lipid peroxidation
and DNA damage induced by BOOH. We also
compared the relative efficacy of quercetin with many

conventional anti-oxidants in providing the cyto-
protection against --BOOH induced oxidative injury.

Flavonoids are found ubiquitously in fruits
and vegetables and are widely regarded to possess a
number of biological activities, some of which are
believed to be due to their potent anti-oxidant and
cyto-protective activities [37,38]. Flavonoids have
been reported to exert beneficial effects in a multitude
of disease states such as cardiovascular diseases [39],
atherosclerosis [40] and cancer [41]. Flavonoids have
been reported to possess their antioxidant activity by
three mechanisms: (1) increasing intra-cellular GSH
levels, (2) scavenging ROS, (3) blocking Ca*" influx
[18]. The anti-oxidant activity of the flavonoids forms
a strong basis for neuro-protective activity in the brain.
In spite of its anti-oxidant potency in wvitro and cyto-
protective activity in cell cultures, it has been reported
that quercetin did not protect against 6-hydroxydopa-
mine (6-OHDA) induced death of dopaminergic
neurons in substantia nigra [42].

In the present study, we report the cyto-protective
and anti-oxidant activity of quercetin against =BOOH
induced oxidative injury in C6 glial cells. z-BOOH is
an organic hydroperoxide and is useful compound for
inducing oxidative injury. Its toxicity is attributed to its
decomposition to alkoxyl or peroxyl radicals that
accelerate lipid peroxidation chain reaction [43,44].
Addition of -BOOH to C6 glial cells resulted in
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a significant increase in cytotoxicity. This was
attributed to the increased production of ROS as
revealed by increased fluorescence of DCFH-DA in
the presence of -BOOH as compared to the control
cells. Pre-treatment of cells with quercetin, vit C,
Trolox and DFO significantly inhibited the cytotoxi-
city induced by ~-BOOH. They also inhibited ROS
generation induced by ~BOOH significantly. Earlier
studies revealed the efficacy of flavonoids in scaven-
ging various free radicals such as superoxide, hydroxyl
and peroxyl radicals and chelating metal ions [44,45].
It is interesting to note that quercetin increased cell
survival in an oxidative injury model where free radical
scavengers like BHT and vit E failed to protect the glial
cells from oxidative injury. This suggests that
quercetin, by virtue of its hydrophilic nature has an
access to alkoxyl and peroxyl radicals generated by z-
BOOH. This was confirmed by the fact that all the
hydrophilic antioxidants used in the study, i.e. vit C,
Trolox (which is a water-soluble form of vit E) and
DFO inhibited the cytotoxicity induced by =BOOH.
In this regard our results fall in confirmation with
earlier study [45]. However, both BHT and vit E
owing to their lipophilic nature were ineffective in
attenuating the ROS generation induced by --BOOH,
which in turn was responsible for their inability to
provide appreciable cytoprotection against --BOOH
induced toxicity.

Exposure of C6 glial cells to 100 pM -BOOH
resulted in the formation of DNA strand breaks
significantly. The DNA damage induced by ~-BOOH
may be triggered by two mechanisms: (1) iron
mediated butoxyl radical formation via Fenton
reaction and (2) oxidation of thiol groups in proteins
followed by activation of Ca®' dependent endo-
nucleases which can lead to DNA strand breaks [44].
In the present study, we found that pre-treatment of
cells with quercetin protected the cells significantly
from DNA damage induced by ~BOOH. Further,
iron-specific chelator DFO also inhibited the DNA
damage induced by ~BOOH significantly. In this
regard our results fall in confirmation with earlier
studies by Ishige et al. [18] who reported that
flavonoids quercetin and rutin protect against DNA
damage induced by H,O, in Caco?2 cells. As expected,
lipophilic antioxidants BHT and vit E had no
significant protection against DNA damage induced
by ~BOOH. Since, Trolox was also unable to prevent
genotoxicity induced by BOOH, it is clear that
quercetin prevented the DNA damage by its metal
chelating action. Earlier, Sestili et al. [46] reported
that quercetin but not vit E, Trolox and BHT
prevented ~-BOOH induced genotoxicity in U-937
macrophages by its metal chelating action.

In the present study, we observed that quercetin
inhibited -BOOH induced lipid peroxidation in
C6 glial cells significantly compared to metal
chelator DFO as revealed by fall in the fluorescence

of cis-parinaric acid. Since, the cells were suspended in
PBS before labeling with cis-parinaric acid, it is
unlikely that iron chelation property of quercetin
contributes to the antioxidant activity observed here.
Recently, Wen-Peng [47] reported that flavonoids
prevent lipid peroxidation induced by H,0O, and
FeSO, by their ability to quench ROS. The fact that
free radical scavengers vit C and to some extent Trolox
attenuated lipid peroxidation better than DFO
supports the idea that quercetin inhibited the lipid
peroxidation induced by -BOOH by its ability to
quench alkoxyl and peroxyl radicals. Flavonoids have
been shown to interact with the polar zone of the
phospholipids and lipid solubility is not critical for
preventing lipid peroxidation [48].

GSH is an important anti-oxidant in cells of the
brain and is a potential target for therapeutic
manipulations [49]. GSH plays an important role in
the protection of cells against oxidative injury and is
reported to be present in high concentrations in
astrocytes [50]. The cells can be recovered from ROS
induced cellular injury by mechanisms either depen-
dent or independent of GSH metabolism. Therefore,
it is prudent to determine the effect of quercetin and
other antioxidants on GSH levels during -BOOH
induced oxidative stress in C6 glial cells. There was a
significant decrease in GSH levels both at 1 and 3 h of
-BOOH treatment in C6 glial cells. In the present
study, we found no significant increase in intracellular
GSH levels in the presence of quercetin, vit C, vit E,
Trolox, BHT and DFO in control cells (data not
shown). However, supplementation of quercetin, vit
C, Trolox and DFO attenuated ~-BOOH induced fall
in GSH levels. However, pre-treatment of cells with-
NAC increased GSH levels at 1h, its levels dropped
sharply by 3h in the presence of ~-BOOH. Earlier,
Ishige et al. [18] reported that some cyto-protective
flavonoids such as flavonol, galangin did not increase
GSH levels but still found to protect the HT-22
neurons from glutamate induced cytotoxicity. While
flavonoids like quercetin, fisetin increased GSH levels
by 40-50% relative to untreated cells. It has been
shown that cells survive glutamate toxicity if the
cellular GSH levels are >20% of the control level
[51]. In the present study, we found that quercetin
maintained higher GSH levels during -BOOH
induced oxidative stress. Interestingly, all other
antioxidant compounds which provided cytoprotec-
tion against -BOOH, i.e. vit C, Trolox and DFO also
maintained higher GSH levels. It is speculated that by
attenuating ROS production, these antioxidants
spared GSH which in turn was responsible for its
higher levels. Earlier Kim et al. [52] also reported that
flavonoids prevent diminution of GSH induced by
glutamate but did not influence synthesis of GSH.

In ~BOOH induced oxidative stress, there was a 10
times increase in intracellular Ca**' levels. There is
increasing evidence that Ca®" ions play a critical role
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in cell death. In a variety of experimental systems
increased Ca®* has been found to be an early event in
cellular injury [53,54]. Increased Ca®" ions are known
to activate various proteases, phospholipases and
endonucleases resulting in the disruption of cellular
cytoskeletal organization [55]. Since quercetin pro-
tects the cells from ~-BOOH induced cytotoxicity, it
was asked whether pretreatment of cells with
quercetin blocks intracellular Ca** levels in C6 glial
cells. In the present study, we found that quercetin
significantly attenuated Ca®" influx induced by
-BOOH. Dobrydneva et al. [56] reported that
flavonoid trans-resveratrol inhibited thrombin induced
Ca?" influx in human platelets by blocking Ca*"
channels. Flavonoids have also been shown to
prevent calcium entry induced by H,0O, in PC12
cells [57]. More recently, Kempuraj et al. [58]
reported that flavonoids inhibit IgE mediated Ca*"
influx in mast cells.

The application of dietary compounds like flavo-
noids for preventing neurodegenerative diseases
merits further study with special reference to systemic
bioavailability of these compounds. Unlike other
tissues, the BBB appears to be an added obstacle to
flavonoids reaching the brain. Recent studies by
Youdim et al. [59] reported measurable permeability
of quercetin and naringenin both in i vitro and in situ
(rat) models paving the way for possible application of
flavonoids for treating neurodegenerative diseases.

In conclusion, the flavonoid quercetin protected the
C6 glial cells from -BOOH induced oxidative stress
by attenuating ROS generation, DNA damage and
Ca®" influx and maintaining higher GSH levels. At
present, the cellular and molecular mechanisms that
underlie the actions of quercetin are not fully
understood. However, our results reveal that querce-
tin inhibited lipid peroxidation by its ROS scavenging
activity while its genoprotective activity was due to its
metal chelating property. Natural compounds that
inhibit ROS induced neurotoxicity offer a useful
therapeutic choice in the treatment of neurodegen-
erative diseases caused by oxidative injury.
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