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Resveratrol Ameliorates NMDA-induced Mitochondrial Injury by Enhanced
Expression of Heme Oxygenase-1 in HT-22 Neuronal Cells
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N-methyl-D-aspartate (NMDA) receptors have received considerable attention regarding their involve-
ment in glutamate-induced neuronal excitotoxicity. Resveratrol has been shown to exhibit neuro-
protective effects against this kind of overactivation, but the underlying cellular mechanisms are not
yet clearly understood. In this study, HT-22 neuronal cells were treated with NMDA in Mg*'-free buf-
fer and subsequently used as an experimental model of glutamate excitotoxicity to elucidate the mech-
anisms of resveratrol-induced neuroprotection. We found that NMDA treatment causes a drop in MTT
reduction ability, disrupts inside-negative transmembrane potential of mitochondria, depletes cellular
ATP levels, and stimulates intracellular ROS production. Double fluorescence imaging studies demon-
strated an increased formation of mitochondrial permeability transition (MPT) pores accompanied by
apoptotic cell death, while cobalt protoporphyrin and bilirubin showed protective effects against
NMDA-induced mitochondrial injury. On the other hand, zinc protoporphyrin IX significantly attenu-
ated the protective effects of resveratrol which was itself shown to enhance heme oxygenase-1 (HO-1)
mRNA and protein expression levels. In cells transfected with HO-1 small interfering RNA, resvera-
trol failed to suppress the NMDA-induced effects on MTT reduction ability and MPT pore formation.
The present study suggests that resveratrol may prevent mitochondrial injury in NMDA- treated
HT-22 cells and that enhanced expression of HO-1 is involved in the underlying cellular mechanism.
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Introduction

Different classes of ionotropic and metabotropic receptors
are involved in glutamate-mediated synaptic excitation.
Among these receptors, N-methyl-D-aspartate (NMDA) re-
ceptors have received considerable attention regarding their
involvement in neuronal excitotoxicity in addition to their
roles in ordinary neurotransmission and synaptic plasticity
[26]. Excessive or persistent activation of NMDA receptors
above physiological levels may cause cellular Ca™* overload
and stimulate a cellular cascade of events, which in turn
leads to neuronal dysfunction, damage or even death [36].
This process, called NMDA receptor-mediated excitotoxicity,
is hypothesized to serve an important role in a wide range
of neuronal diseases, such as infraction [11, 34], hemorrhage
[11, 34], epilepsy [32], trauma [8], Alzheimer’s disease [33]
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and Parkinson’s disease [7].

Resveratrol (3,4',5)-trihydroxy-trans-stilbene, C14H1,05) is
one of the most widely studied natural polyphenols, and
it's beneficial effects in various diseases have been ex-
tensively studied. Resveratrol is found in a wide variety of
dietary ingredients including peanuts, grapes and wine, and
can be extracted using various techniques, such as organic
solvent extraction, ultrasound-assisted extraction and high-
pressure processes [31]. Resveratrol is known to exhibit a
variety of beneficial biological effects, such as anti-oxidative,
anti-inflammatory and anti-carcinogenic activities [16, 23-25,
35]. Resveratrol has also been shown to pass through the
blood-brain barrier [1] where it exhibits neuroprotective ef-
fects in experimental models of neurodegenerative diseases,
such as stroke, Alzheimer’s and Parkinson’s diseases [1, 5,
10, 29]. In addition, several studies have elucidated the neu-
roprotective role of resveratrol against glutamate-induced
excitotoxity [6, 12]. However, the cellular mechanism under-
lying resveratrol-induced neuroprotection is not clearly un-
derstood.

Mitochondria are the primary site responsible for the ini-
tiation of mitochondria-dependent apoptosis signaling and
production of ATP and reactive oxygen species (ROS) [27].
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Accumulating evidence has shown that the deterioration of
the functional and/or structural integrity of the mitochon-
dria is implicated in pathological events associated with sev-
eral neurodegenerative diseases. Impairment of mitochon-
drial integrity leads to the depletion of cellular ATP, opening
of mitochondrial permeability transition (MPT) pores, re-
lease of cytochrome ¢ and finally cell death [13]. Hence, over
the last few decades, mitochondria and the mitochondria-
dependent cellular pathways have been a focus of increasing
attention as targets of pharmacological interventions to alle-
viate neuronal damage and restore neuronal viability and
their physiological functioning in a variety of neurodegener-
ative diseases.

The aim of the present study was to examine the potential
role of mitochondria as an important target of NMDA re-
ceptor-mediated neuronal cytotoxicity and the resveratrol-
induced protective mechanisms. In addition, the potential
role of heme oxygenase-1 (HO-1), which can act as a crucial
cellular mechanism underlying resveratrol-induced neuro-

protection, was investigated.

Materials and Methods

Chemicals and reagents

Medium and reagents for cell culture were purchased
from Gibco (Thermo Fisher Scientific, Inc.). Tetramethylr-
hodamine methyl ester (TMRM), calcein acetoxymethyl ester
(calcein/ AM), DiOCy(3) and 2’,7'- Dichlorofluorescein diac-
etate (DCFH-DA) were obtained from Molecular Probes
(Eugene, OR, USA.) Anti-HO-1 antibodies were purchased
from Santa Cruz Biotechnology (Dallas, TX, USA). NMDA,
MK-801, cobalt protoporphyrin (CoPP), bilirubin and zinc
protoporphyrin IX (ZnPP IX) were obtained from Sigma-
Aldrich (St. Louis, MO, USA). Resveratrol with a purity of
>99% (purified using high-performance liquid chromatog-
raphy) was also purchased from Sigma- Aldrich (St. Louis,
MO, USA). Resveratrol stock solution (10 mM) was prepared
by dissolving in DMSO before use.

Cell culture and induction of NMDA excitotoxicity
HT-22 cells (Salk Institute, San Diego, USA) were rou-
tinely grown in 75 cm” culture flasks with DMEM supple-
mented with 10% FBS, 150 IU/ml penicillin G and 50 pg/ml
streptomycin. When cells were confluent, they were de-
tached using 0.05% trypsin/0.53 mM EDTA solution and

split (1:5). For biochemical or microscopic studies, cells were
grown on the appropriate culture plates, 24 or 96-well plates,
or on collagen-coated glass cover slips in six-well plates de-
pendent on the experiment.

For cytotoxicity studies, growth medium was removed by
washing three times with prewarmed Locke’s buffer contain-
ing NaCl, 154 mM; KCl, 5.6 mM; MgCl,, 1.2 mM; CaCly, 2.3
mM; NaHCO;, 3.6 mM; glucose, 5.6 mM; and HEPES, 5.0
mM (pH7.4). NMDA-induced excitotoxicity was achieved by
incubation of cells with NMDA in Mg**-free Locke’s buffer.
The concentration and time for NMDA treatment were 20
mM and 3 hr, unless otherwise indicated.

MTT assay

Mitochondria reduce MTT to formazan [21]. Therefore,
the ability of cells to produce formazan as a result of MTT
reduction provides a suitable indicator of cell viability and
intact mitochondrial function. After exposure to experi-
mental protocols, cells were incubated with 50 ml of 5 mg/
ml MTT at 37°C for 4 hr. The rate of formazan production
was determined using an automatic multi-well spectropho-
tometer at 540 nm.

Measurement of mitochondrial membrane potential

Mitochondrial transmembrane potential was measured
using DiOCy(3). DiOCs accumulates into the mitochondria
dependent on the mitochondrial membrane potential; accu-
mulating when negative. Therefore, a decrease in DiOCs(3)
staining indicates a lower mitochondrial transmembrane
potential. Cells were loaded with DiOCy(3) at a final concen-
tration of 50 nM for 20 min at 37°C in the dark. Cells were
washed and resuspended in PBS. The fluorescence intensity
was analyzed using a FACsort (Becton, Dickinson and

Company) flow cytometer.

Measurement of ATP content

Cellular ATP content was measured using a luciferin-lu-
ciferase assay [17]. Cells were solubilized with 500 ml 0.5%
Triton X-100 and acidified using 100 pl 0.6 M perchloric acid
and placed on ice. The cellular extract was then diluted with
a buffer containing potassium 10 mM glutamate and 4 mM
MgSO; (pH 7.4). Per 10 ml diluted sample, 100 ml lucifer-
in-luciferase (20 mg/ml) was added and light emission was
measured using a luminometer (MicroLumat LB96P; Bert-
hold Detection Systems GmbH)



Analysis of ROS production

Intracellular production of ROS was determined using
DCFH-DA, which is highly permeable to the cell membrane
and readily penetrates the cell. DCFH-DA is then hydro-
lyzed to DCFH by the esterases which are abundantly pres-
ent in the cytoplasm. In the presence of cellular peroxidase
and ROS, DCFH is rapidly converted to the highly fluo-
rescent 2,7’ -dichlorofluorescein (DCEF). Therefore, the change
in DCF fluorescence can be used as an indicator of cellular
ROS levels. Cells were preloaded with DCFH-DA by in-
cubation for 1 hr at 37C with 10 mM DCFH-DA. After ex-
posure to experimental procedures, DCF fluorescence was

analyzed by flow cytometry.

Detection of mitochondrial permeability transition
(MPT)

To examine the formation of MPT pores, a double staining
method with fluorescent dyes, calcein/ AM and TMRM, was
used as described by Lemasters et al [13]. These dyes pene-
trate into cells and are hydrolyzed to tetramethylrhodamine
(TMR) and calcein by the cellular esterases. Intact mitochon-
dria maintain a negative membrane potential which results
in accumulation of the lipophilic cationic dye TMR, and thus
fluoresces bright red. Due to the impermeability of the inner
mitochondrial membrane, calcein cannot enter the mitochon-
dria. However, mitochondrial dysfunction caused by a
mechanism referred to as MPT makes the inner mitochon-
drial membrane permeable to solutes. Therefore, damaged
mitochondria do not accumulate TMR and become per-
meable to calcein. After exposure to experimental proce-
dures, cells grown on glass cover slips were incubated at
37C in HBSS containing 3 mM TMRM for 30 min followed
by a further incubation for 30 min in the presence of 0.5
mM calcein/ AM. After washing four times with PBS, glass
cover slips were mounted on glass slides using PBS:Glycerol
(11 w/w) solution and observed using confocal microscopy
(Carl Zeiss AG) at room temperature. Excitation wave-
lengths for calcein and TMR were 488 and 568 nm, respec-
tively.

Analysis of apoptosis

For detection of apoptotic cells, a TUNEL assay was per-
formed using an ApoTag peroxidase in situ apoptosis de-
tection kit (Sigma-Aldrich, Merck KGaA) according to the
manufacturer’s protocol. Briefly, cells were cultured on colla-
gen-coated cover slips and exposed to the various experi-
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mental conditions. The cells were then fixed using 1% paraf-
ormaldehyde for 10 min and incubated with digoxigenin-
conjugated dUTP in a TdT-catalyzed reaction for 60 min at
37°C. After incubation, the cells were immersed in a stop/
wash buffer for 10 min at room temperature. The cells were
then incubated with anti-peroxidase-conjugated antibody for
30 min. The DNA fragments were stained using DAB as a
substrate and analyzed using a microscope.

Reverse transcription-quantitative (RT-q)PCR

RT-gPCR was used to measure the HO-1 mRNA express-
ion levels. Total RNA was prepared using TRIzol® reagent
(Invitrogen; Thermo Fisher Scientific, Inc.). gPCR was per-
formed using SYBR Green MasterMix (Invitrogen; Thermo
Fisher Scientific, Inc.) with 15 pmol primers of both forward
and reverse primers for HO-1 and B-actin. Reactions were
performed in triplicate and specificity was monitored using
melting curve analysis after amplification. The sequences of
the primers used to detect were: HO-1 forward 5-GGTGAT
GGCTTCCTTGTACC-3" and reverse 5-AGTGAGGCCCAT
ACCAGAAG-3’; and B-actin forward 5-AGAGGGAAATCG
TGCGTGAC-3 and reverse 5-CAATAGTGATGACCTGGC
CGT-3.

Western blotting

Western blot analysis was used to determine the HO-1
protein expression levels. Total intracellular protein was iso-
lated by freeze-thaw lysis repeated five times in a buffer
containing 600 mM KCl, 20 mM Tris-Cl, 20% glycerol, 0.4
mg/ml Pefabloc, 10 ng/ml leupeptin, 10 ug/ml pepstatin,
5 ug/ml aprotinin (pH 7.8). Protein concentration was meas-
ured using a Bradford assay (Bio-Rad Laboratories, Inc.).
Protein samples (40 mg) were loaded on 10% SDS-gels, re-
solved using SDS-PAGE and transferred to immobile PVDF
membranes (EMD Millipore). The membranes were then
blocked with 5% skimmed milk in Tris-buffered saline con-
taining 0.5% Tween-20 (TBST) for 1 hr at room temperature.
Subsequently, the membranes were incubated with primary
antibodies against HO-1 (1:1,000) or b-actin (1:1,000). The
membranes were washed three times with TBST, and in-
cubated with goat anti-mouse IgG-horseradish peroxidase
with a 1:5,000 dilution in TBST for 2 hr at room temperature.
The membranes were washed three times for 10 min with
TBST again. Signals were visualized using enhanced chem-
iluminescent horseradish peroxidase substrate detection
method.
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Transfection with HO-1 siRNA

A pool of three target-specific small interfering RNAs
(siRNAs) were used to transiently knockdown the express-
ion of the HO-1 gene. The sequences of the siRNAs were
as follows: Sequence 1 forward, 5-GCUUCCUUGUACCAU
AUCUt-3" and reverse, 5-~AGAUAUGGUACAAGGAAGC
tt-3; sequence 2 forward, 5'-CCUUCCUGCUCAACAUUGA
tt-3" and reverse, 5-UCAAUGUUGAGCAGGAAGGtt-3’; and
sequence 3 forward, 5'-CUCUAACUUCUGUGUGAAA(t-3
and reverse, 5-UUUCACACAGAAGUUAGAGtt-3". Tran-
sient transfection with siRNA or scrambled siRNAs was per-
formed using Superfect” transfection reagent (Qiagen,
GmbH). Briefly, aliquots of 2x10° cells/well were plated in
60 mm dishes on the day before transfection and grown to
~80% confluence. On the day of transfection, 5 mg siRNA
or scrambled siRNA dissolved in TE buffer (pH 7.0) was
diluted with 150 ml growth medium containing no serum,
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proteins or antibiotics. To the RNA mixtures, 30 ml Super
Fect” transfection reagent was added and vortexed. The mix-
ture was then incubated for 5-10 min at room temperature
to allow formation of the transfection complex. Cell growth
medium (1 ml, containing serum and antibiotics) was added
to the reaction tube containing the transfection complexes.
After mixing by pipetting up and down twice, the total vol-
ume was immediately transferred to the cells in the 60 mm
dishes. The cells were then incubated with the transfection
complexes for 2-3 hr. When incubation was completed, me-
dium was removed by gentle aspiration and cells were
washed once with PBS. The cells were then assayed for ex-

pression of the HO-1 gene.

Statistical analysis
Data are presented as the mean +* standard error of the

mean. Comparisons between two groups were performed
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Fig. 1. Effects of NMDA and RSV on MTT reduction ability. (A) Dose-dependent effect of NMDA. Cells were treated with the
indicated concentrations of NMDA for 3 hr in Mg*'-free Locke’s buffer. (B) Time-dependent effect of NMDA. Cells were
treated with 100 mM NMDA for the indicated time periods in Mg”'-free Locke’s buffer. (C) Effects of Mg”" and MK-801.
Cells were treated with 100 mM NMDA for 3 hr in Mg*-free or buffer supplemented with 1.2 mM Locke’s buffer in the
presence and absence of 20 mM MK-801. (D) Protective effect of RSV on the NMDA-induced impairment of MTT reduction
ability. Cells were treated with 100 mM NMDA for 3 hr in the presence of the indicated concentrations of RSV. Data are
represented as the mean + the standard error of the mean of 5 repeats. p<0.01 vs. respective control. ‘p<0.01 vs. Mg™ -free.
C, control; R, 20 uM resveratrol alone; Veh, vehicle; RSV, resveratrol.



using an unpaired Student’s t-test. Differences between mul-
tiple groups were compared using a one-way ANOVA fol-
lowed by a post-hoc Tukey’s test. p<0.05 was considered to

indicate a statistically significant difference.

Results

Effects of NMDA and resveratrol on MTT reduction
ability

To determine the effects of NMDA and resveratrol on cell
viability and mitochondrial functional integrity, MTT reduc-
tion ability was examined. There was a dose- and time-de-
pendent decrease in MTT reduction ability in the NMDA-
treated cells (Fig. 1A, Fig. 1B). In subsequent experiments,
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unless otherwise indicated, a concentration of 20 mM and
a treatment time of 3 hr were used to examine the effect
of NMDA. In the presence of Mg> (1.2 mM as MgCl,) or
MK-801, the effect of NMDA to impair MTT reduction abil-
ity was remarkably reduced, suggesting that the NMDA-in-
duced impairment of MTT reduction ability resulted from
interaction with NMDA receptor channels (Fig. 1C). In the
presence of resveratrol, the NMDA-induced impairment of
MTT reduction ability was significantly ameliorated, and the
effect was concentration-dependent up to a concentration of
20 mM (Fig. 1D).

Changes in mitochondrial membrane potential, ATP
production and ROS generation
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Fig. 2. Protective effect of RSV on the NMDA-induced changes in mitochondrial membrane potential, cellular ATP content and
ROS production. (A) Representative flow cytometry analyses of mitochondrial membrane potential. Cells were treated with
100 mM NMDA for 3 hr in the presence and absence of 20 uM RSV. Cells were then loaded with DiOCq(3) for flow
cytometry analysis of mitochondrial membrane potential. (B) AWm estimated from flow cytometry analysis was expressed
in arbitrary units. (C) ATP content was measured using a luciferin-luciferase assay in cells treated with NMDA for 3 hr
in the presence and absence of RSV. (D) ROS production was measured by flow cytometry analysis of DCF fluorescence
in cells treated with NMDA for 3 hr in the presence and absence of RSV. Data were represented as the mean + standard
error of the mean of 5 repeats. p<0.01 vs. respective control; “p<0.01 vs. NMDA alone. ROS, reactive oxygen species; RSV,
resveratrol; AWm, mitochondrial membrane potential; DCF, 2’,7'-dichlorofluorescein.
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To further elucidate the effects of NMDA and resveratrol
on mitochondrial functional integrity, we examined mi-
tochondrial membrane potential, cellular ATP levels and
ROS production as indicators of mitochondrial functional
integrity. Fig. 2A shows representative flow cytometry anal-
ysis of DiOCe(3)-stained cells. In these graphs, the left shift
of events from strong (designated as M2) to weak (designated
as M1) DiOCq(3) fluorescence region indicates the disruption
or depolarization of mitochondrial membrane potential.
NMDA-treated cells exhibited marked depolarization of mi-
tochondrial membrane potential. Resveratrol significantly
suppressed the NMDA-induced depolarization of mitochon-
drial membrane potential (Fig. 2A, Fig. 2B).

ATP is produced primarily by mitochondria through oxi-
dative phosphorylation, and therefore the intracellular ATP
levels are a reliable indicator of mitochondrial functional
integrity. There was a significant reduction in intracellular
ATP content in NMDA-treated cells. Resveratrol signifi-
cantly reversed the NMDA-induced reduction of intra-
cellular ATP content (Fig. 2C).

Oxidative stress is known to be implicated in NMDA-in-
duced neurotoxicity. Thus to examine whether the protective
effects of resveratrol against NMDA-induced mitochondrial
dysfunction was related to its effect on oxidative stress, the
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changes in ROS production in NMDA-treated cells in the
presence and absence of resveratrol were assessed. In cells
treated with NMDA, there was a significant increase in ROS
production, and this was significantly suppressed in the

presence of resveratrol (Fig. 2D).

NMDA-induced MPT and the protective effects of
resveratrol

As shown in the representative confocal micrographs of
cells that were double stained with calcein/ AM and TMRM
in Fig 3A, control cells exhibited intact mitochondria that
could be discriminated by punctuated bright red spots as
a consequence of TMR accumulation due to their negative
membrane potential. In cells where formation of MPT pores
was progressing, the mitochondria eventually lost TMR and
became permeable to calcein, and as a consequence, lost
their visible contours. In NMDA-treated cell preparations,
there was a significant increase in the number of cells show-
ing MPT, and this was significantly suppressed when treated
with resveratrol (Fig. 3B).

NMDA-induced apoptosis and the protective effects

of resveratrol
As shown in the representative micrographs of TUNEL-
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Fig. 3. NMDA-induced MPT and the protective effects of RSV. After treatment of cells with 100 mM NMDA for 3 hr in the presence
or absence of 20 UM RSV, a double staining method with fluorescent dyes, calcein/AM and TMRM was used to analyze
the formation of MPT pores. (A) Representative confocal microscopic images showing cells with intact mitochondria and
cells with MPT in progress. The control cells exhibited intact mitochondria that could be discerned by the punctuated bright
red spots, indicative of TMR accumulation. Conversely, in the cells with MPT in progress, as indicated by arrows, mitochondria
came to lose TMR and became permeable to calcein, and as a consequence, lost their visible contours. (B) Cells with MPT
in progress were counted and expressed as a percentage of total cell count. Data are presented as the mean * standard
error of the mean of 4 repeats. p<0.01 vs. control; *p<0.01 vs. NMDA alone. MPT, mitochondrial permeability transition;
RSV, resveratrol; TMRM, tetramethylrhodamine methyl ester; TMR, tetramethylrhodamine.



stained cells (Fig. 4A) and the quantification of the staining
(Fig. 4B), there was marked increase in the number of apop-
totic cells (4.8%+1.2% to 41.3%+6.4% of the total cell pop-
ulation) in the NMDA-treated cells, and this was sig-
nificantly suppressed by resveratrol (12.1%+1.7%).
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Journal of Life Science 2022, Vol. 32. No. 1 17

Resveratrol-stimulates expression of HO-1

The effect of resveratrol on HO-1 expression was next
assessed. RT-qPCR and Western blot analyses showed that
resveratrol significantly increased the mRNA (Fig. 5A) and
protein expression levels (Fig. 5B, Fig. 5C). The effect of re-
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Fig. 4. NMDA-induced apoptosis and the protective effects of RSV. After treatment of cells with 100 mM NMDA for 3 hr in the
presence or absence of 20 tM RSV, a TUNEL assay was performed to detect apoptotic cells. (A) Representative micrographs
of TUNEL-stained cell preparations. Arrows indicate TUNEL-positive cells. (B) Quantitative analysis of TUNEL-positive cells.
Data are presented as the mean + the standard error of the mean of 5 experiments. p<0.01 vs. control; *p<0.01 vs. NMDA

alone. RSV, resveratrol.
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sveratrol in increasing HO-1 expression was comparable to
that of the HO-1 inducer CoPP. NMDA alone exhibited some
inhibitory effect on HO-1 expression, but the effect did not
sufficiently alter the effects of resveratrol-induced stim-
ulation (Fig. 5A - Fig. 5C).

Effects of HO-1 related molecules

To elucidate whether the protective effects of resveratrol
resulted from the increased expression of HO-1, the effects
of HO-1-related molecules on the NMDA-induced changes
in MTT reduction and MPT were examined. A well-known
inducer of HO-1, CoPP [18] and the metabolic product of
HO-1, bilirubin [18] restored NMDA-induced impairment in
MTT reduction ability. Conversely, a HO-1 inhibitor ZnPP
IX [18] significantly suppressed the effect of the resveratrol
(Fig. 6A). Similar results were obtained from experiments
to examine the effects of HO-1-related molecules on NMDA-
induced MPT (Fig. 6B). These results strongly suggest that
the resveratrol-induced protective effects are closely asso-

ciated with the increased expression of HO-1.

Effect of knockdown of HO-1

In order to further confirm the role of HO-1 in the pro-
tective effects of resveratrol against NMDA-induced neuro-
toxicity, cells were transfected with siRNA targeting HO-1.
In cells transfected with siRNA, resveratrol did not sig-
nificantly alter HO-1 expression at the mRNA (Fig. 7A) or
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protein level (Fig. 7B, Fig. 7C). Similarly, in the siRNA-trans-
fected cells, resveratrol failed to restore the NMDA-induced
changes in MTT reduction ability (Fig. 8A) and MPT for-
mation (Fig. 8B). These results further confirmed that the
increased expression of HO-1 was a crucial event underlying

the protective effects of resveratrol.

Discussion

Over-activation of glutamate receptors leads to neuronal
cell injury, commonly referred to as glutamate excitotoxicity
[26]. An increasing number of studies have suggested that
a large of Ca”™" influx through the NMDA receptor channel
serves a crucial role in initiating glutamate excitotoxicity
[36]. In the present study, HT-22 cells treated with NMDA
in Mg”"-free Locke’s buffer were used as the experimental
model of glutamate excitotoxicity. In these cells, NMDA in-
duced cell injury in a dose- and time-dependent manner as
evidenced by using an MTT assay. In the presence of Mg”*
or the NMDA receptor blocker MK-801 [30] NMDA-induced
cell injury was significantly attenuated or abolished, suggest-
ing that NMDA targets cells via the opening of the NMDA
receptor channels.

A variety of neurodegenerative diseases have been shown
to be associated with altered mitochondrial structure and
function [3]. The disruption of inner mitochondrial mem-

brane potential and formation of MPT pores is known to
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Fig. 6. Effects of HO-1 related molecules on the NMDA-induced changes in MTT reduction ability and MPT pore formation. Cells
were treated with 100 mM NMDA for 3 hr in the presence of 20 tM RSV, CoPP, Bili or ZnPP. (A) MTT reduction ability
was determined by colorimetric analysis of formazan formation. (B) A double staining method with fluorescent dyes, cal-
cein/AM and TMRM was used to analyze the formation of MPT pores. Data are presented as the mean * the standard
error of the mean of 5 experiments. *p<0.01 vs. NMDA alone; #p<0.01 vs. NMDA+RSV. HO-1 heme-oxygenase-1; RSV, resvera-
trol; CoPP, cobalt protoporphyrin; Bili, bilirubin; ZnPP, zinc protoporphyrin IX; MPT, mitochondrial permeability transition;

TMRY, tetramethylrhodamine methyl ester.
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be a major event preceding mitochondria-dependent apop-
totic signaling. The involvement of mitochondrial dysfunc-

tion in the mechanism of cell damage has also been sug-

gested in glutamate excitotoxicity [2, 20]. The present study

provided strong evidence that alterations in structural and

functional mitochondrial integrity were closely associated
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with cell injury in NMDA-induced excitotoxicity. NMDA
treatment resulted in deterioration of mitochondrial mem-
brane potential, suppressed cellular ATP production and
stimulated intracellular ROS generation. Double fluore-
scence imaging studies with TMRM and calcein/ AM dem-
onstrated increased formation of MPT pores. These findings,
taken together, strongly suggest that mitochondrial dysfunc-
tion may be a crucial event underlying NMDA-induced neu-
ronal injury in HT-22 cells.

Resveratrol is one of the most extensively studied natural
polyphenols due to its potential beneficial properties. How-
ever, the current body of literature from clinical and in vitro
studies concerning the protective effects of resveratrol
against diseases are still contested, and the reasoning behind
the conflicting results remain to be elucidated. However, dif-
ferences in the characteristics of the cells tested or enrolled
patients, and the doses and duration of the resveratrol treat-
ment have been proposed as possible explanations [28].
Several investigators have reported that resveratrol at high
doses (100 mM) can be cytotoxic for cancer cells [14, 15, 30].
In our previous study, it was shown that resveratrol ex-
hibited a cytotoxic effect on ovarian cancer cells [9]. Con-
versely, at lower concentrations, resveratrol may exhibit pro-
vide a protective effects. Several studies have shown that
resveratrol has a neuroprotective effect against oxidative in-
juries [6, 12]. In the present study, resveratrol was shown
to exhibit a protective effect against NMDA-induced injury.
Resveratrol facilitated the reductive abilities of mitochondria
of MIT and to produce ATP (Fig. 2C) in NMDA-treated
cells. In addition, resveratrol prevented the disruption of mi-
tochondrial membrane potential and suppressed intra-
cellular ROS generation in NMDA-treated cells. It also sup-
pressed NMDA-induced formation of MPT pores, which
was accompanied by apoptotic cell death. These results
strongly suggest that resveratrol provides a beneficial effect
to protect mitochondria against NMDA-induced injuries.

Enhanced HO-1 expression has been shown to be a poten-
tial tool to protect neurons against oxidative injuries [4].
HO-1 produces carbon monoxide and bilirubin as products
of heme metabolism, and bilirubin acts as a strong anti-
oxidant [22]. Since the generation of ROS is known to serve
an important role in a variety of neurodegenerative diseases,
increased bilirubin production may prove helpful to sup-
press oxidative injuries. In the present study, it was sug-
gested that HO-1 was significantly involved in resvera-

trol-induced protection against NMDA-induced mitochon-

drial injuries. CoPP, a HO-1 inducer [19] and bilirubin, the
metabolic product of HO-1 [19] showed a protective effect
against NMDA-induced mitochondrial injury. On the other
hand, in cells treated with the HO-1 inhibitor ZnPP IX [19],
the protective effects of resveratrol were significantly attenu-
ated. In RT-qPCR and Western blot analyses, resveratrol was
shown to increase HO-1 mRNA and protein expression
levels. Knockdown of HO-1 provided further support of its
involvement in the underlying mechanism of resveratrol;
following knockdown of HO-1, resveratrol failed to suppress
the NMDA-induced effects on MTT reduction ability and
MPT pore formation. These results further confirmed that
enhanced expression of HO-1 is crucially related to the pro-
tective effects of resveratrol.

In summary, the present study showed that resveratrol
may exhibit beneficial effects to prevent NMDA-induced mi-
tochondrial injuries in HT-22 neuronal cells, and the en-
hanced expression of HO-1 is involved in the underlying

cellular mechanism.
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