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Neuroprotective effect of lovastatin by inhibiting NMDA
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Abstract: In addition to original role of lowering cholesterol, statins display multiple neuroprotective mechanisms. In
this study, 6-Hydroxydopamine (6-OHDA)-treated pheochromocytoma-12 (PC12) cells were used to investigate the
neuroprotective nature of lovastatin. After incubation with 6-OHDA and/or lovastatin, test kits were used to detect
the levels of LDH and glutamate, which were released from PC12 cells exposed to different culture media. The
mRNA levels of TNF-a, and NMDAR1 were determined by RT-PCR and the protein levels were analyzed by western
blot. Our results show that lovastatin significantly decreased both the mRNA and the protein levels of TNF-a and
NMDAR1. ELISA assays revealed increased lactate dehydrogenase (LDH) and glutamate binding activity in 6-OHDA-
lesioned PC12 cells, and this increase could be prevented by lovastatin. Our results suggest that lovastatin induces
neuroprotection by inhibiting NMDAR1 and TNF-a. The data provide direct evidence of the potential application of

lovastatin for the treatment of parkinson’s diseases.
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Introduction

Statins are cholesterol-lowering agents, but
more and more effects of statins have been
found, including neuroprotection, immunomod-
ulation, and anti-infammation. It had been
demonstrated that lipophilic statin can decr-
ease the incidence of PD [1, 2]; however, the
exact mechanisms are still unclear. If statins
are potentially beneficial for PD, they may pres-
ent an interesting challenge.

N-methyl-D-aspartate (NMDA) receptors are
widespread in the nucleus accumbens, cere-
bral cortex, striatum, and hippocampus [3, 4].
Changes of NMDA receptors are closely associ-
ated with many brain functions. Mishizen found
that the NMDA receptor binding levels were
obviously decreased in the striatum and hippo-
campus of aged mice and AD patients [5]. In
addition, activation of NMDA receptors can
increase neuronal excitotoxicity and cause cell
death. All these findings strongly suggest that
NMDA receptors may play very important roles

in neuropsychiatric and movement-related dis-
orders in the brain.

PD is the second neurodegenerative disorder
following AD. The dopamine and glutamatergic
NMDA receptors have been implicated in many
neuropsychiatric disorders. The dopaminergic
disturbance may cause glutamatergic NMDA
receptor imbalances in the brain [6], and vice
versa [7]. In the 6-OHDA-lesioned rat model of
PD, D1/NMDA receptor expression was obvi-
ously decreased in the lesioned striatum [8].
NMDA receptor antagonists increased dopami-
nergic neuronal survival and prevented the
levodopa-induced abnormal motor response
[9]. It will be interesting to find whether the
application of Lovastatin can inhibit inflamma-
tory responses by modulating the expression of
NMDA receptors in the PD models.

Accordingly, in vitro study was applied to inves-
tigate the effect of lovastatin on 6-OHDA-
stimulated PC12 cells. This study observed a
possible correlation between lovastatin and
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NMDA receptorl by using in vitro Parkinsonian
cell models.

Materials & methods
Cell culture and treatments

The PC12 cell culture was routinely maintained
in RPMI-1640 medium with 5% fetal bovine
serum, 10% horse serum, 100 U/ml of benzyl
penicillin, and 100 mg/L of streptomycin (Gi-
bco). The cells were grown at 37°C in a humidi-
fied atmosphere containing 5% CO,. The cells
were fed every 2-3 days and subcultured once
they reached 80-90% confluence. For all exper-
iments, the cells were seeded on 96-well plates
or 6-well plates at a density of 1.0 x 10° cells/
ml for 24 h. The culture cells were treated with
6-OHDA (100 uM, Sigma Chemical Co.), and/or
lovastatin (2 uM, Merck & Co Inc) at the same
time for 24 h.

MTT cell viability assay

MTT assay was performed to evaluate the
PC12 cell viability after 6-OHDA and lovastatin
treatment. Briefly, the PC12 cells were grown in
96-well plates (100 pl/well) at a density of 1 x
105 cells/ml. After incubation, the cells were
washed once with PBS before adding 100 pl of
free serum medium containing MTT (final con-
centration, 0.5 mg/ml) to each well. After incu-
bation for 4 h, the supernatant was removed,
and the cells were washed twice with PBS and
the formazan product was dissolved in 100 ml
of dimethylsulfoxide (DMSO). The absorbance
was read at a wavelength of 570 nm in a micro-
plate reader. The results were expressed as
percentage of the control group.

LDH assay and glutamate measurement

LDH assay: The cell viability was also measured
by determining the activity of LDH released into
the medium when cellular membranes were
damaged [10]. The total LDH activity was mea-
sured following specifications of In vitro
Toxicology Assay Kit LDH based Tox-7 (Sigma-
Aldrich, USA). The absorbance was measured
in an automatic microplate reader at 490 nm.
The data were presented as the percentage of
LDH in 6-OHDA group, which was designated as
100%.

Glutamate assay: The concentration of gluta-
mate was measured according to Glutamate
Assay Protocol (BioVision, USA). Briefly, 10 pl of
the 0.1 M glutamate standard solution was
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diluted using 990 pl of the assay buffer to gen-
erate 1 mM standard glutamate. Subsequently,
0, 2,4, 6, 8, and 10 pl of the diluted glutamate
standard solution were added to a 96-well plate
in duplicate to generate O, 2, 4, 6, 8, and 10
nmol/well standard. The volume was brought to
50 ul with assay buffer. The cells (1 x 10°) were
homogenized in 100 ul of assay buffer and cen-
trifuged at 13,000 g to remove the insoluble
material. Then, 50 ul of the sample was added
to well of the 96-well plate. The optical density
was measured at 450 nm using a microplate
reader. The background was corrected by sub-
tracting the value derived from the O glutamate
control from all sample readings, and then the
concentration of glutamate was calculated
according to the instruction.

Quantitative real-time RT-PCR

For quantitative real-time RT-PCR, the total
RNA was extracted using TRIzol (Invitrogen),
according to the manufacturer’s protocol, and
the cDNA was synthesized using primers with
the Advantage RT for PCR kit (BD Biosciences).
We quantified the PCR amplifications using
SYBR Green PCR Master Mix (Applied
Biosystems), and the results were normalized
to GAPDH gene expression. All the experiments
were performed in triplicate and repeated at
least three times.

Western blotting analysis

The cells were pretreated with simvastatin and/
or 6-OHDA/SIRNA and were rinsed thrice with
ice-cold PBS, and incubated in ice-cold lysis
buffers for 20 min on ice. Cells were sonicated
and centrifuged at 14000 g for 15 minutes.
The supernatants were collected for protein
determination by BCA assay. The samples were
mixed with 5 x Laemmli buffer and heated for 5
min at 100°C. Then, samples of equivalent
total protein (30 pg) were run in NuPage Bis-Tris
10% gels (Invitrogen) and transferred to PVDF
membrane. The PVDF membranes were incu-
bated with the following primary antibodies:
rabbit anti-TNF-a (1:1000), rabbit anti-NMDAR1
(1:800), and rabbit anti-B-actin (1:2000) over-
night at 4°C. The next day, the PVDF mem-
branes were washed thrice and horseradish
peroxidase-conjugated secondary antibodies
were added. Negative controls were prepared
by excluding the primary antibodies. The imag-
es were analyzed using the alphaview software.
The results were expressed as folds of the con-
trol group.
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Figure 1. Viability in lovastatin-treated cells was evaluated using the MTT assay. Cells were incubated with lovastatin
(1to 4 uM) (A) and with 2 uM lovastatin for 6 to 48 h (B) and 6-OHDA (100 uM) for 24 h (C). Lovastatin protected
PC12 cells against 6-OHDA neurotoxicity. MTT value in 6-OHDA treated group significantly reduced compared with
controls (*p < 0.001, 6-OHDA vs solvent controls), but lovastatin upregulated this reduction (#p < 0.001, 6-OHDA vs
6-OHDA + lovastatin), the results are displayed as the percentages of the control samples. The data are presented
as the means * S.E.M. (n = 9) for three independent experiments.
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Figure 2. The effects of lovastatin on 6-OHDA-induced LDH and glutamate. Lovastatin reduced 6-OHDA-induced LDH
and glutamate (*p < 0.001, 6-OHDA vs solvent controls, n = 9; A), while lovastatin incubation abolished this eleva-
tion (#p < 0.001, 6-OHDA vs 6-OHDA + lovastatin, n = 9; A). In 6-OHDA incubated PC12, glutamate was increased
compared with controls (6-OHDA vs controls, *p < 0.001; B), while lovastatin treatment abolished this elevation
(6-OHDA vs 6-OHDA + Lovastatin, #p < 0.001, B). All the results are expressed as mean + S.E.M. (n = 9).

Statistical analysis absence of 6-OHDA (Figure 1A). We also exam-

ined the viability of PC12 cells treated with 2
The data were expressed as mean + SEM. MTT, UM Lovastatin for 6, 12, 24 or 48 h in absence
LDH, and different protein quantifications with of 6-OHDA. Interestingly, no significant differ-
western blot were analyzed using one-way ences in cell viability were found between nor-
ANOVA, followed by Tukey’s post hoc analysis mal PC12 cells and PC12 cells treated with 2

(SPSS 15.0 program, Chicago, IL). P values of

T MM Lovastatin for 24 h (Figure 1B), which indi-
less than 0.05 were regarded as statistically

cates that the inhibitory effect that we observed

significant. was not due to cytotoxicity.
Results . .

u To investigate the effect of 6-OHDA and lovas-
Effects of 6-OHDA and lovastatin on PC12 cell tatin on PC12 cells, we exposed the cells to
viability 6-OHDA (100 uM) and lovastatin (2 uM) for 24

h period of time, and examined a variety of
The cytotoxic effects of Lovastatin were evalu- markers of cell death. MTT value in 6-OHDA
ated with the MTT assay by measuring the via- treated group significantly reduced compared
bility of PC12 cells that were incubated with with controls, but lovastatin upregulated this
Lovastatin (O, 1, 2, 3, 4 uM) for 24 h in the reduction (Figure 1C).
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Figure 3. The effects of lovastatin on 6-OHDA-induced TNF-ac and NMDAR1 mRNA expression in PC12 cells. The cells
were treated with the indicated doses of lovastatin and 6-OHDA. After incubation for 24 h, the mRNA levels of TNF-a
and NMDAR1 were determined by RT-PCR. The data are presented as the mean + S.E.M. (n = 5 wells for each condi-
tion) for three independent experiments (*p < 0.001 vs. solvent controls; #p < 0.001 vs. 6-OHDA).
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Figure 4. The effects of lovastatin on 6-OHDA-induced TNF-a and NMDARZ protein expression in PC12 cells. The
cells were treated with the indicated doses of lovastatin and 6-OHDA. After incubation for 24 h, the protein levels of
TNF-a (B) and NMDAR1 (A) were analyzed by western blot. The data are presented as the mean + S.E.M. (n =5 wells
for each condition) for three independent experiments (*p < 0.001 vs. solvent controls; #p < 0.001 vs. 6-OHDA).

Effects of 6-OHDA and simvastatin on LDH and ed that glutamate increased in 6-OHDA-

glutamate incubated PC12 cells, when compared with
that in controls (Figure 2B), whereas lovastatin

LDH is released from the cells following mem- incubation prevented this elevation (Figure 2B),

brane collapse, and the released LDH is usually demonstrating a significant neuroprotective

considered as a sign of late cell death [10]. Our effect of lovastatin in vitro PD model.

result showed that LDH increased in 6-OHDA-

incubated PC12 cells, when compared with Analysis of NMDAR1 and TNF-a mRNA by real-

that in controls (Figure 2A), whereas lovastatin time RT-PCR

incubation prevented this elevation (Figure 2A).

Glutamate is the most abundant excitatory Using quantitative RT-PCR, we were able to

neurotransmitter and recognized as another detect that the expression of NMDAR1 (Figure

important sign of cell death. Our result indicat- 3A) and TNF-a (Figure 3B) mRNA was signifi-

3316 Int J Clin Exp Med 2014;7(10):3313-3319



Neuroprotective effect of lovastatin

cantly elevated in 6-OHDA mediated PC12
compared with the solvent control, while lovas-
tatin incubation abolished this elevation.

Lovastatin regulates the levels of NVIDANR1
receptors and TNF-a in 6-OHDA-treated PC12
cells using western blot analysis

To confirm that the neuroprotection of lovas-
tatin in vitro PD model is associated with NMDA
receptors, NMDANR1 receptors were mea-
sured by western blot. After 24 h, 6-OHDA incu-
bation pronouncedly increased the NR1 recep-
tors compared with controls (Figure 4A); while
this elevation was significantly abolished fol-
lowing lovastatin treatment. In order to explore
if the modulation of NR1 receptor following lov-
astatin treatment is correlated to anti-inflam-
matory responses, the levels of inflammatory
mediators TNF-a were also determined by
western blot. Compared with controls, 6-OHDA
produced significant increases in the total
amount of TNF-« (Figure 4B); however, this ele-
vation was significantly prevented following lov-
astatin treatment (Figure 4B).

Discussion

The study aimed to investigate the neuropro-
tective effect of Lovastatin and explain the
mechanisms in experimental Parkinsonian cell
models. The cell viability was obviously
decreased in 6-OHDA-treated PC12 cells
(Figure 1). However, pre-incubation with lovas-
tatin displayed a restoration of reduction of cell
viability. In addition, our results showed that
LDH and glutamate were significantly increased
in 6-OHDA-induced PC12 cells and the eleva-
tions were obviously prevented after lovastatin
incubation, demonstrating that lovastatin dis-
played pronouncedly neuroprotective effects.
PC12 cells mainly express the functional NR1
receptor, therefore NR1 was chosen to detect
the effects of 6-OHDA neurotoxicity in this
study. It has been shown that the elevation of
NMDA receptors is closely correlated to inflam-
mation responses and induced neuronal death
[11-13]. In the current study, the increased NR1
expression and excitatory glutamate concen-
tration following 6-OHDA incubation were
observed (Figure 2). This 6-OHDA induced ele-
vation of glutamate excessively activated the
increased NMDANR1, subsequently further
aggravating PC12 damage [14] and may be
involved in the susceptibility to excitotoxicity in
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PC12 cells. However, the addition of lovastatin
significantly abolished this elevation of NR1
and glutamate, accompanying the reduction in
PC12 cell death. Considering the elevation of
NR1 and glutamate will lead to excitotoxicity
and neuronal cell death [15], we reasonably
speculated that in the current study lovastatin
prevented PC12 cell death, at least partially,
via exerting neuroprotective against NR1-
induced excitotoxicity. This result showing that
the upregulation of NR1 was correlated to neu-
ronal cell death and the abolishment of this
NR1 elevation prevented the neuronal loss
[16]. The present study is consistent with our
previous observation in which simvastatin
upregulated NMDA receptors in the naive rat
brain, and further validates our proposal that
statins may exhibit NMDA antagonist-like
effects [17].

In order to explore if inflammatory mediators in
PC12 cells changed following 6-OHDA and lov-
astatin treatment, we measured the expres-
sion of TNF-a. Our study showed increased
expression of TNF-a in 6-OHDA-induced PC12
cells, implying these inflammatory mediators
involved in our study. The elevations of NR1
and TNF-a were significantly abolished follow-
ing lovastatin treatment, strongly suggesting a
direct anti-inflammatory property of lovastatin
through NMDA receptor modulation. TNF-a in
pathological brain processes including the
mediation of neuronal death [18, 19]. In order
to further verify that the alteration of NMDA
receptors is associated with inflammatory cyto-
kine TNF-« in this study, we focused specifically
on 6-OHDA -treated PC12 expressing NR1 and
TNF-a protein. We detected a significant
increased NR1 protein after 6-OHDA exposure
and this increase was abolished following lov-
astatin treatment; while TNF-a proteins dis-
played a similar pattern after 6-OHDA neurotox-
icity and lovastatin treatment (Figure 4), which
demonstrated that NR1 proteins was closely
associated with inflammatory cytokine TNF-a
following 6-OHDA and lovastatin treatment.
This result is consistent with other studies
showing that pro-inflammatory mediator TNF-a
was involved lovastatin mediated neuroprotec-
tion and associated with NMDA receptors [19,
20]. To our best of knowledge, this is the first
time to describe the correlation of TNF-a and
NR1 in PC12.

In summary, our study presents the first evi-
dence demonstrating the effects of lovastatin

Int J Clin Exp Med 2014;7(10):3313-3319
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on NMDA receptors in 6-OHDA lesioned PC12
cells and reveals NMDA modulation effect,
which provides an exciting and potential para-
digm to ameliorate PD. Our results strongly
demonstrated that lovastatin provided robust
neuroprotection on dopaminergic neurodegen-
eration partially via NMDA receptor mediated
anti-inflammatory mechanisms.
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