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Objective(s): Neurodegenerative diseases have been associated with glutamatergic dysfunction.
Berberine, an isoquinoline alkaloid broadly present in different medicinal herbs, has been reported to
have neuroprotective effect. In the present study, the effects of berberine against glutamate-induced
oxidative damage and apoptosis were investigated.

Materials and Methods: The cultured PC12 and N2a cells were pretreated (2 hr) with varying
concentrations of berberine (50-1000 uM), followed by exposure to glutamate (10 mM) for 24 hr. The
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Apoptosis content, superoxide dismutase (SOD) activity, DNA fragmentation and the expressions of pro-apoptotic
Berberine (cleaved caspase-3 and bax) and anti-apoptotic (bcl-2) proteins were then measured.

Glutamate cytotoxicity Results: In both cell lines, pretreatment with berberine (especially at low concentrations) significantly
Neuroprotection decreased ROS generation, lipid peroxidation, and DNA fragmentation, while improving glutathione

content and SOD activity in glutamate-injured cells. Moreover, berberine showed anti-apoptotic effects
by reducing the glutamate-evoked caspase-3 and bax/bcl-2 overexpression.

Conclusion: The results of present study suggest that berberine protects against glutamate-induced
PC12 and N2a cells injury by decreasing oxidative stress and subsequently inhibiting apoptosis. This is
relevant to berberine treatment in neurodegenerative disorders, such as dementia (Alzheimer’s
disease), seizures, and stroke.

Oxidative injury
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Glutamate is the main excitatory neurotrans-
mitter in the brain (1). It has a critical role in acute
and chronic neurodegenerative disorders such as
epileptic seizures, ischemia, traumatic brain injury,
multiple sclerosis and Alzheimer’s disease (1). Two
pathways for glutamate toxicity have been proposed:
The first pathway, called excitotoxicity, is mediated by
over-stimulation of glutamate receptors resulting in
large amounts of extracellular Ca%* influx (2). The
second one is oxidative glutamate toxicity, which occurs
through competitive inhibition of cystine/glutamate
antiporter system leading to decreased cystine uptake,
depleted intracellular glutathione content, increased
reactive oxygen species (ROS) production and also
NADPH oxidase-dependent extracellular hydrogen
peroxide accumulation (3, 4). These processes can lead
to neuronal apoptosis (5).

Berberine is an isoquinoline alkaloid, broadly
present in different medicinal herbs, particularly in

the genus Berberis (6). Berberine is known to have
a wide range of biological activities (7-9) such as
anticonvulsant (10), neuroprotective in ischemic brain
damage (11), antifungal (12), antiviral (13), anti-
inflammatory (14), anti-tumor (15) and antidiabetic
(16). Berberine has also been shown to modulate
mitochondrial and caspase pathways, N-methyl-D-
aspartate (NMDA) receptors and potassium currents
7).

Nowadays, more attention has been focused
on medicinal plants with advantages of antioxidative
and anti-apoptotic effects and low toxicity, as neuro-
protective agents (18). Considering the aforementioned
beneficial effects of berberine and since N2a and PC12
cells have been widely applied as a neuronal model
system for glutamate-induced cytotoxicity (19-21), the
present study was conducted to investigate the effects
of berberine against glutamate-induced oxidative stress
and apoptosis in PC12 and N2a cells.
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Cell lines and reagents

PC12 and N2a cell lines were purchased from
Pasteur Institute (Tehran, Iran). High glucose
Dulbecco’s Modified Eagles Medium (DMEM)
and fetal calf serum (FCS) were purchased from Gibco
(Carlsbad, CA). The 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyl tetrazolium (MTT), 2-thiobarbi-turicacid
(TBA), trichloroacetic acid (TCA), Dberberine,
monocholorobimane (MCB), 2',7'-dichlorodihydro-
fluorescein diacetate (H2DCF-DA), pyrogallol and
glutamate were obtained from Sigma (St. Louis, MO,
USA). Low melting point (LMP) agarose and normal
melting point (NMP) agarose were purchased from
Fermentas (Glen Burnie, MD). Anti-f-actin (4967),
caspase-3 (9665), bax (2772), bcl-2 (2870), and
horseradish peroxidase (HRP)-conjugated goat anti-
rabbit IgG (7074) antibodies were obtained from Cell
Signaling Technology (Danvers, MA). Other chemicals
mainly ethylene diamine tetraacetic acid disodium
salt (NazEDTA), Tris (hydroxymethyl) aminomethane
(Trizma base), toctylphenoxy polyethoxyethanol
(Triton X-100), dimethyl sulfoxide (DMSO), sodium
lauroylsarcosinate (sarkosyl, SLS), sodium dodecyl-
sulfate (SDS) and ethidium bromide were obtained
from Merck (Darmstadt, Germany).

Cell proliferation (MTT) assay

N2a and PC12 cells were cultured in high glucose
DMEM (4.5 g/1) supplemented with 10% FCS and
100 units/ml of penicillin/streptomycin. All cells
were maintained in a humidified atmosphere (90%)
containing 5% CO2z at 37 °C. The cell viability was
determined using MTT assay as previously described
(22). Briefly, N2a and PC12 cells (5000/well) were
seeded out in 96 well tissue culture plates, and after
24 hr, the cells were incubated with increasing
concentrations of glutamate (0-10 mM) or berberine
(0-4000 pM) for 24 hr to calculate the fifty percent
inhibitory concentrations (ICso). Stock solutions of
glutamate and berberine were prepared in sterile
water and DMSO, respectively. The final working
concentration of DMSO (plus compound) in working
assays was less than 1%, except for 4000 puM
berberine which it was 2%. In another set of
experiments, the cells were pretreated with
berberine (0-2000 pM) for 2 hr and then incubated
simultaneously for another 24 hr in complete culture
medium which contained 8 mM glutamate. After that,
aliquots of 10 ul of MTT solution (5 mg/ml) were
added to culture medium and the reaction mixture
incubated for 2 hr. Then, the mixture was removed
and the resulting formazan dissolved by adding 100
ul DMSO to each well of plate. The optical density of
formazan dye was read at 570 and 620 nm
(background) using a Stat FAX303 plate reader. The
concentrations and times were chosen based on
earlier experiments.
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Measurement of intracellular reactive oxygen species

The determination of intracellular reactive
oxygen species (ROS) levels was accomplished as
described previously with minor modifications (23).
In brief, PC12 and N2a cells (10%) were incubated
with 5 pM H2DCF-DA at 37 °C for 30 min in the dark.
The H2DCF-DA diffuses through the cell membrane
and is hydrolyzed by intracellular esterases to
H2DCF, which is then oxidized to highly fluorescent
2'7'-dichlorofluorescein in the presence of ROS.
The cells were pretreated with three different
concentrations of berberine (50, 250 and 1000 pM)
for 2 hr, then subjected to glutamate (8 mM) toxicity
for 1 hr. At the end of treatment, the fluorescence
intensity was detected with excitation/emission of
485/530 nm using VICTOR X multilabel plate reader
(PerkinElmer, USA). The temperature was maintain-
ed at 37°C throughout the experiment.

Lipid peroxidation assay

The lipid peroxidation level was determined by
measuring the concentration of malondialdehyde
(MDA), which is the end product of lipid peroxida-
tion and reacts with TBA to form a fluorescence
adduct. In brief, PC12 and N2a cells (10%) were
incubated for 2 hr with different concentrations
of berberine (50, 250, 1000 and 2000 pM) then
subjected to glutamate (8 mM) for 24 hr, at the end
of treatment, the cells were scraped into TCA (2.5%,
1 ml) and centrifuged at 13000 g at 4 °C for 2 min.
The lysate supernatant (500 upl) was removed
and added to TCA (15%, 400 pl) and TBA
0.67%/butylated hydroxytoluene 0.01% (800 pl).
This mixture was boiled for 20 min and then the
reaction was stopped by cooling in an ice water bath.
After centrifugation at 2500 rpm for 10 min at 4°C,
the fluorescence intensity of supernatant was read in
excitation/emission of 530/550 nm. The MDA
amounts were expressed as nmol/mg protein.
Protein content was determined using BCA kit (24).

Glutathione (GSH) determination

Relative change of intracellular glutathione (GSH)
in cells after exposure to glutamate was assayed
using monochlorobimane (MCB). The assay is based
on the ability of the non-fluorescent substrate MCB
to form a fluorescent adduct with GSH. The reaction
is catalyzed by the enzyme glutathione-S-transferase
(25). The fluorescent probe was dissolved in
dimethyl sulfoxide and working solutions in PBS at
20 times the required final concentration (50 uM)
was prepared immediately before use and added
directly to the cultures in 96-well plates (5 x 103),
treated as above. After incubation at 37°C for 30 min
in the dark, the fluorescence intensity was monitored
at excitation/emission of 360/460 nm. Results were
obtained by subtracting blank values and presented
as a percentage of control cells.
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Determination of superoxide dismutase (SOD)
activity

At the end of the treatment period, the cells (105)
were harvested from the plates and washed with ice-
cold PBS. The cells were then resuspended and
incubated with lysis buffer containing 50 mM Tris-
HCI (pH 7.4), 150 mM NacCl, 1% Triton X-100, 1 mM
EDTA, 0.2% SDS for 30 min. Cell lysates were
prepared by centrifugation at 10,000 rpm for 20 min
at 4 °C and assayed for soluble protein content using
BCA kit. SOD activity in cell lysates was evaluated
using the procedure previously described based on
the ability of the enzyme to inhibit the autoxidation
of pyrogallol (26). Briefly, 120 pl of cell lysate was
added to the reaction mixture containing 0.2 mM
pyrogallol in Tris-HCI buffer (pH 8.2, 50 mM) and
EDTA (1 mM) to initiate the reaction and absorbance
decrease of pyrogallol was spectrophotometrically
recorded at 420 nm. The amount of the SOD
inhibiting the rate of pyrogallol auto-oxidation by
50% was defined as one enzyme unit and was
expressed as U per mg protein (U/mg protein) (27).

Single cell gel electrophoresis (SCGE, comet) assay

The alkaline SCGE assay was conducted based on
the method described previously (22). Briefly, PC12
and N2a cells (3 x 105) were incubated for 2 hr with
three different concentrations of berberine (50, 250
and 1000 pM) then subjected to glutamate (8 mM)
toxicity for another 24 hr. After removing the
medium, the cells were washed three times with cold
PBS, harvested and centrifuged at 3000 rpm for 5
min at 4°C. The pellets were then resuspended in PBS
at a cell density of 1 x 105. For the comet assay, 100
ul NMP agarose was quickly layered on conventional
slides, covered with a cover slip, and then the slides
were placed on ice to allow agarose to gel. 10 pl of
the cell suspension, prepared as above, was mixed
with 100 pl LMP agarose, and the mixture was
quickly layered over the NMP agarose layer after
removal of the cover slip. Finally, another layer of
LMP agarose was added on top. The slides were
immersed immediately in a chilled lysing solution
(pH = 10) made up of 2.5 M NaCl, 100 mM NazEDTA,
10 mM Trizma, 1% sarkosyl, 10% DMSO, and 1%
Triton X-100 and kept at 0°C in the dark overnight.
Then, the slides were placed on a horizontal gel
electrophoresis platform and covered with a
prechilled alkaline solution made up of 300 mM
NaOH and 1 mM NazEDTA (pH > 13). They were left
in the solution in the dark at 0°C for 40 min and then
electrophoresed at 0°C in the dark for 30 min at 25V
and approximately 300 mA. The slides were rinsed
gently three times with 400 mM Trizma solution
(adjusted to pH 7.5 by HCI) to neutralize the excess
alkali, stained with 50 pl of 20 pg/ml ethidium
bromide and covered with a cover slip. For comet
analysis, 150 nuclei were randomly selected from

three replicated slides (50 nuclei on one slide),
examined and photographed through a fluorescence
microscope (Nikon, Japan), at 400x magnification
equipped with an excitation filter of 520-550 nm and
a barrier filter of 580 nm. Undamaged cells resemble
an intact nucleus without a tail, and damaged cells
have the appearance of a comet.

The percent of DNA in the comet tail (% tail
DNA), which is an estimation of DNA damage, was
analyzed using the computerized image analysis
software (CASP software). The experiments were
done in triplicate.

Western blot analysis

Western blot analysis was performed as
described previously (28). In brief, at the end of
treatments, the PC12 cells were washed with ice-cold
phosphate buffer saline and lysed with lysis buffer
containing 50 mM Tris-HCl, 150 mM NaCl, 2 mM EDTA,
5 mM sodium fluoride, 1 mM sodium orthovanadate,
1% Nonidet P-40 and a protease inhibitor. The
lysates were centrifuged at 13000 g for 20 min at
4 °C. The protein concentration of the supernatants
was measured using BCA kit. Then, equal amounts of
protein from each sample were mixed with loading
buffer and boiled for 5 min. Samples were then
separated by SDS-polyacrylamide gels electrophoresis
and transferred onto polyvinyli-dene fluoride
membranes. The membrane was incubated in
blocking buffer (50 mM Tris/HCl, 150 mM Na(C],
0.1% Tween 20 and 5% skimmed milk) and the blots
were then probed with anti-caspase-3 primary
antibody at 4 °C for overnight. The bound antibody
was made visible using horse radish peroxidase-
conjugated goat anti-rabbit secondary antibody and
an enhanced chemiluminescence system. Bands were
analyzed by densitometry using Image | software
and normalized with respect to the corresponding 3-
actin band and expressed as fold of control.

Statistical analysis

All results were presented as mean * SEM.
Statistical differences between groups were analyzed
by one-way analysis of variance with subsequent
Tukey’s tests. P<0.05 was considered to indicate
statistical significance.

Berberine increased viability of PC12 and N2a
cells after glutamate-induced cytotoxicity
Assessment of glutamate cytotoxicity through
the MTT assay exhibited the dose-dependent toxic
effects on the viability of PC12 and N2a cells in a
concentration range of 0-10 mM. Exposure of N2a
and PC12 cells to glutamate (10 mM) condition for 24
hr leads to 92 and 90% reduction in cells viability,
respectively. The fifty percent inhibitory concentration
(ICs0) after 24 hr treatment with glutamate were 1.4
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Figure 1. A: Effect of glutamate on viability of N2a and PC12 cells following 24 hr treatment. B: Effect of berberine on viability of N2a and
PC12 cells following 24 hr treatment. *P<0.05, ** P<0.01 as compared to untreated control cells. C and D: Effect of berberine on glutamate-
induced N2a (C) and PC12 (D) cell death. The cells were pre-treated (2 hr) with various concentrations of berberine and then exposed to
glutamate (10 mM) for 24 hr, in which the same treatments were applied. * P<0.05, ** P<0.01, *** P<0.001 as compared to untreated cells
cultured in glutamate condition. The data were expressed as percentage viability of control cells and presented as means + SEM from three

independent experiments

mM and 2.1 mM in N2a and PC12 cells, respectively
(Figure 1A).

As illustrated in Figure 1B, treatment with berbe-
rine alone (0-4000 puM) for 24 hr, concentration-
dependently decreased cells viability at concentra-
tions above 200 uM with a maximum reduction of
cells viability of 30% and 34% upon treatment of
PC12 and N2a cells with 4000 uM berberine,
respectively. However, no significant toxicity was
observed following incubation of PC12 and N2a
cells with berberine (0-4000 pM) for 2 hr (data not
shown).

On the other hand, berberine significantly decreas-
ed glutamate-induced N2a and PC12 cells death. Figure
1C shows that pretreatment with berberine (50-2000
uM) for 2 hr significantly increased the viability of N2a
cells to 51.7+8.0 (50 uM, P< 0.001); 66.2+1.0 (100 uM,
P< 0.001); 52.4+5.5 (250 uM, P<0.001); 32.7+8.0 (500
uM, P<0.05); 30.1 £ 6.0 (1000 pM, P<0.05) and 33.9+3.0
(2000 pM, P<0.05), as compared with the untreated
cells in 10 mM glutamate condition (4.0+ 1.4%). It is
obvious that the protective effect of berberine was
more significant at lower concentrations and decreased
with increasing concentration. Similarly, when PC12
cells were pretreated with 50, 100, 250, 500, 1000
and 2000 puM berberine for 2 hr and then exposed
to glutamate cytotoxicity, the viability of the cells was

Iran J Basic Med Sci, Vol. 20, No. 5, May 2017

increased from 10.0+1.0 % (untreated cells in 10 mM
glutamate condition) to 74.0+3.4, 69.844.9, 56.0 +3.7,
48.4+5.3,43.5+2.8 and 45.7+1.6, respectively (Figure 1D,
P<0.001 for all). Again, more significant neuroprotective
effects were seen at lower concentrations.

Berberine attenuated glutamate-induced genera-
tion of ROS

ROS generation was significantly elevated in
PC12 (approximately 2 fold) and N2a (approximately
3 fold) cells after exposure to 10 mM glutamate for
2 hr, compared to the control group (Figure 2A-B,
P<0.001). Therefore, glutamate-induced cytotoxicity
in PC12 cells was indeed associated with increased
ROS. As shown in Figure 2A, pre-treatment of
N2a cells with berberine (for 2 hr) at different
concentrations (50, 100, 250, 500 and 1000 uM)
significantly reduced glutamate-induced ROS
production to 96.7+1.8 %, 152.8 + 24.8 %, 117.7+ 3.8
%, 104.5t2.4 % and 108.6+3.5 %, respectively
(P<0.001 for all). Again, PC12 cultures pretreated
with berberine at different concentrations (50, 100,
250, 500 and 1000 pM) showed significantly (P
<0.001 for all) reduced intensity of DCF labeled cells
(86.1+9.4, 132.1+11.9, 125.3#8.8, 100.1+*2.4 and
112.7+3.0 %, respectively) when compared to
glutamate-treated cultures (202.7+7.8) (Figure 2B).
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Figure 2. Effect of berberine on intracellular reactive oxygen species (ROS) content of glutamate-injured N2a (A) and PC12 (B) cells. The
cells were pre-treated (2 hr) with various concentrations of berberine and then exposed to glutamate (10 mM) for 24 hr, in which the same
treatments were applied. The data were expressed as means + SEM from three independent experiments. ***P<0.001 as compared to

untreated cells cultured in glutamate condition

Berberine decreased glutamate-induced lipid
peroxidation increase

When N2a and PC12 cells were exposed to
glutamate (10 mM) for 24 hr, an increase in lipid
peroxidation level, as indicated by the excessive
formation of MDA, was observed to approximately
2.1 and 1.7 folds of control values (Figure 3A-B).

As shown in Figure 3A, pre-treatment of the
N2a cells with 50, 250 and 1000 pM berberine
signifi-cantly alleviated glutamate-induced lipid
peroxida-tion from 6.30£0.20 nmol/mg protein
(untreated cells in 10 mM glutamate condition) to
3.44+0.02, 4.62+0.02 and 3.56+0.05 nmol/mg
protein, respectively (P<0.001 for all). In the same
manner, when berberine (50, 250 and 1000 puM)-
pretreated PC12 cells were exposed to glutamate

A Glutamate (10 mM)

Hokok

MDA (nmol/mg protein)

Control 0 250 1000 2000

Berberine (uM)

injury, MDA formation was significantly (P<0.001 for
all) decreased to 1.28+0.03, 1.27+0.02 and 1.17+0.06
nmol/mg protein, as compared to glutamate-injured
cells (2.62 £ 0.08 nmol/mg protein) (Figure 3B).

Berberine enhanced GSH level upon oxidative
glutamate toxicity

Exposure of PC12 and N2a cells to glutamate (10
mM for 24 hr) resulted in a significant decrease
of GSH percentage (33.2%+5.3 and 21.6%%3.7 for
PC12 and N2a cells, respectively) compared to
control cells. Significant increases in GSH content
were observed with pretreatments (2 hr) with all
berberine concentrations (50-1000 puM), compared
to glutamate- injured cells (Figure 4).
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Figure 3. Effect of berberine on intracellular malondialdehyde (MDA) content of glutamate-injured N2a (A) and PC12 (B) cells. The cells
were pre-treated (2 hr) with various concentrations of berberine and then exposed to glutamate (10 mM) for 24 hr, in which the same
treatments were applied. The data were expressed as means * SEM from three independent experiments. **P<0.01, ***P<0.001 as
compared to untreated cells cultured in glutamate condition
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Berberine improved SOD activity in the glutamate-
injured cells

Glutamate exposure caused a significant decrease
of SOD activity in PC12 (P<0.001) and N2a (P<0.01)
cells from 2.8 and 2.2 [U/min/mg protein to 1.3 and
1.0 IU/min/mg protein, respectively (Figure 5). In
PC12 cells, berberine (50, 250 and 1000 uM)
significantly improved SOD activity to 2.9, 3.2 and 2.6
IU/min/mg protein, respectively (P<0.001 for all). In
the same way, treatment with 50, 250 or 1000 puM
berberine-induced a marked increase in SOD activity
in N2a cells to 2.5 (P<0.001), 2.2 (P<0.001) and 1.9
(P<0.05) IU/min/mg protein, respectively (Figure 5).

Berberine significantly diminished glutamate-
induced DNA fragmentation

In this study, % tail DNA was measured as an
indicator of DNA damage. The results showed that
exposure of PC12 and N2a cells to glutamate (10 mM
for 24 hr) significantly increased DNA fragmentation
to 28.8%*4.2 and 31.8%%5.0, respectively (P<0.001
for both cell lines) (Fig 6A-B).

All three concentrations of berberine (50, 250
and 1000 pM) markedly decreased glutamate-
induced DNA damage approximately 4.5-, 2.5- and
2.7-fold in PC12 cells and 4.3-, 3.0- and 2.5-fold in
N2a cells, respectively (Figure 6A-B).

Berberine significantly decreased cleaved caspase-3
and bax/bcl-2 expressions in the glutamate-injured
cells

As illustrated in Figure 7A-C, glutamate oxidative
injury led to a substantial increase in the expression
of cleaved caspase-3 (5.1 fold) and bax/bcl-2 ratio
(3.6 fold), as compared to the control cells (P<0.001).
Treatment with berberine (50 uM) markedlydecreas-
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Figure 5. Effect of berberine on superoxide dismutase (SOD)
activity in glutamate-injured N2a and PC12 cells. The cells were
pre-treated (2 hr) with various concentrations of berberine and
then exposed to glutamate (10 mM) for 24 hr, in which the same
treatments were applied. The data were expressed as means+SEM
from three independent experiments. #P<0.05 ##P<0.01,
###P<0.001 as compared to untreated N2a cells cultured in
glutamate condition. *** P<0.001 as compared to untreated PC12
cells cultured in glutamate condition

ed cleaved caspase-3 and bax/bcl-2 expre-ssion to

2.2 (P<0.001) and 2.0 (P<0.05) fold of control value,
respectively (Figure 7A-C).
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Figure 6. Effect of berberine on glutamate-induced DNA damage
in N2a and PC12 cells. A: Representative comet images of N2a and
PC12 cells from different treatment groups. B: Bar graphs
representing the percent of DNA in the comet tail (% tail DNA) of
N2a and PC12 cells, as an index for the extent of DNA damage. The
data were expressed as means*SEM from three independent
experiments. ##P<0.001 as compared to untreated N2a cells
cultured in glutamate condition. ***P<0.001 as compared to
untreated PC12 cells cultured in glutamate condition
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Figure 7. Effects of berberine on expressions of pro-apoptotic
(cleaved caspase-3 and bax) and anti-apoptotic (bcl-2) proteins in
glutamate-injured PC12 cells. The blots (A) are representative of
six different experiments with similar results and the bar graphs
showing relative protein band expressions of cleaved caspase-3
(B) and bax/bcl-2 ratio (C) with f-actin as a protein loading
control. The data were expressed as means as mean * SEM (n=5).
***%P<0.01 as compared to untreated control cells. #P<0.05, ###P<
0.001 as compared to glutamate-injured cells

The present study showed that treatment of PC12
and N2a cells with low concentrations of berberine
up to 200 pM for 24 hr or concentrations as high
as 4000 pM for 2 hr did not significantly affect
cellular viability. Moreover, the current study
demonstrated that berberine exerts neuroprotective
effects against glutamate-induced N2a and PC12
cytotoxicity via antioxidant and anti-apoptotic
mechanisms. Berberine, especially at concentrations
as low as 50 pM, significantly decreased ROS
generation and lipid peroxidation, while improving

glutathione content and SOD activity in glutamate-
injured cells. In addition, berberine significantly
attenuated glutamate-evoked DNA fragmentation,
caspase-3, and bax/bcl-2 overexpressions. Besides, the
protective effect of berberine was more significant at
lower concentrations and decreased with increasing
concentration. The present findings are in line with
other researches; Peng et al reported that 20 mg/kg
berberine increased norepinephrine and serotonin
levels in the rat’s hippocampus and frontal cortex but at
higher doses (100 and 500 mg/kg) decreased the
concentrations of these neurotransmitters in brain stem
(29, 30). Vaziri et al also showed that 10 and 20 mg/kg
berberine attenuated harmaline-induced tremor in rats,
however at 50 mg/kg not only failed to recover but also
showed an adverse effect on tremors (31). It has also
been shown that berberine exhibits multiphasic action
in melanoma cells. Berberine at low concentrations
mainly causes mitochondrial dysfunction while at high
concentrations directly interacts with DNA, triggering
apoptosis (32). As DNA binding molecule, high doses of
berberine is required to translocate to the nucleus and
induce mitotic arrest by interfering with DNA and block
G2 cells from entering the M phase (32, 33). Berberine
has also been shown to have neurotoxic actions against
dopaminergic neurons, in vitro or in vivo, at high doses
(34, 35).

In this study, about 90% cells loss was seen under
glutamate toxicity for 24 hr. Consistent with our results;
Froissard and Duval revealed that treatment of PC12
with 10 mM glutamate for 24 hrled to 70% cell lysis, as
estimated by lactate dehydrogenase release (36). In
another study, Calderon et al reported that the viability
of N2a and PC12 cells exposed to 20 mM glutamate
for 4 hr decreased about 60 % and 96 %, respectively
(37). Another study also showed that exposure to 5,
50 and 30 mM glutamate for 24 hr induced
approximately 80% cell death in HT22, SH-SY5Y and
PC12, respectively (4). Ma et al also showed that the
viability of PC12 cells exposed to 10 mM glutamate for
12 hr was about 51 % (19).

The improved cellular redox status and the
decreased apoptosis by berberine described here are in
agreement with other findings. Zhang et al showed that
berberine protects hypoxia-treated mesenchymal stem
cells by suppressing ROS-dependent and JNK-driven
cell apoptosis via PI3K/Akt signaling pathway (38). In
the same way, it was found that berberine at nanomolar
concentrations attenuates hydrogen peroxide-induced
oxidative stress and apoptosis in motor neuronal
NSC34 cells through PI3K/Akt-dependent mechanisms.
They found that berberine increases endogenous
antioxidants (GSH level and SOD activity), oxidant-
sensitive proteins (heme oxygenase 1 and nuclear
factor-like 2) and the antiapoptotic protein bcl-2 while
decreases the expressions of proapoptotic proteins
(cytochrome c, bax and cleaved caspase-3 and -9) in
hydrogen peroxide-treated NSC34 cells (39). Zhou
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et al also described the neuroprotective effects of
berberine against ischemic brain injury, in vitro and
in vivo, by inhibiting generation of ROS and releases of
cytochrome c¢ and apoptosis-inducing factors (AIFs)
(40). It was reported that berberine is able to restore
the glutamate-evoked changes in oxidative status and
tissue transglutaminase, a calcium-dependent enzyme
of transglutaminase family involved in several
neurodegenerative disorders including Alzheimer’s,
and Parkinson’s diseases, in astroglial cells cultures
system (41). A recent study also showed that 25 pg/ml
berberine markedly improved viability, axonal
outgrowth and transport in calyculin A-injured N2a
cells. The effects were shown to be mediated by
modulating the activity of protein phosphatase 2A,
MDA level, and SOD activity and also by inhibiting the
hyperphosphorylation of tau and neurofilaments (42).

It is well documented that glutamate induces
neurotoxicity through over-activation of glutamate
(including NMDA) receptors and competitive
inhibition of cysteine/glutamate antiporter, leading
to excitotoxicity and oxidative damages resulting
apoptotic cell death (43). Several studies suggested
that berberine might have antagonistic effects on
ionotropic glutamate receptors. Berberine has been
shown to inhibit kainic acid-induced clonic
convulsions and NMDA-induced turning behavior
(44). Consistently, Cui et al revealed that berberine
protects ischemia and NMDA-induced neuronal
damage in mice hippocampal slice cultures which is
comparable with the NMDA antagonist MK-801 and
is mediated, at least in part, via the suppression of
Bcl-2 phosphorylation (45). In another study,
berberine promoted survival of hydrogen peroxide-
induced neuronal cells death and MK801-induced
brain degeneration in developing neonatal rats (46).
A recent study also confirmed that a standardized
berberine extract of barberry protects against
ischemic damage via the reduction of NMDA receptor
type 1 (NR1) immunoreactivity in the gerbil
hippocampal CA1 region (47). It has also been shown
that berberine reduces dopamine D1 and NMDA
receptors bindings in mouse cortex and inhibits
NMDA receptor channel current in Xenopus oocytes
with voltage-independent manner (48). In contrast,
arecent study revealed that berberine at micromolar
concentrations decreased the viability of primary
neurons in a caspase-independent but mitochondria-
and NMDA-dependent manner. In addition, pretreat-
ment with berberine at nanomolar concentrations
sensitized neurons to both glutamate excitotoxicity
and rotenone injury (17).

Previous studies proposed that voltage-activated
potassium currents, especially delayed rectified
potassium current (/x) and transient outward
current (/4), in addition to NMDA receptor-mediated
K+ efflux, contribute to glutamate-induced apoptosis
and therefore inhibition of outward potassium
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currents (especially Ix) might have therapeutic
effects against some neurodegenerative diseases
(49, 50). Indeed, it is believed that physiologic
intracellular potassium concentration (~140 mM)
inhibits caspase-3 activation and apoptotic DNA
fragmentation (51). Wang et al reported that
berberine blocks /4 and Ik currents in CA1 pyramidal
neurons of rat hippocampus (52). In the same way,
Wu et al showed that tetrahydroberberine inhibits
receptor-mediated outward currents in acutely
dissociated CA1 neurons from rat hippocampus via
direct blockade of membrane K* channels (53).
Therefore, blockade of K+ channels by berberine
might be suggested as one of the protective
mechanisms for the suppression of apoptosis and the
increased rate of cell survival, described in the
current study. It is noteworthy to mention that the
inhibition of NMDA receptors may compensate by
blockade of K* channels at high doses of berberine,
resulting in decreased protective effects (54).

Also, The role of calcium in the cytotoxic action of
glutamate has been well documented and calcium
channel blockers have been shown to oppose
glutamate-induced apoptosis or necrosis (55). The
blocking effects on both L- and T-type calcium
channels have been described for berberine (56).
Nadjafi et al demonstrated that berberine protects
OLN-93 oligodendrocytes against ischemic-induced
cell death by attenuating the intracellular CaZ2*
overload similar to the NMDA or the AMPA/kainate
receptors antagonists (57).

The results of present study suggest that
berberine protects against glutamate-induced PC12
and NZ2a cells injury by decreasing oxidative stress
and subsequently inhibiting apoptosis.
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