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Hydrogen peroxide induces the death of astrocytes through the
down-regulation of the constitutive nuclear factor-kappaB activity
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Abstract

Nuclear factor-kappaB (NF-«kB) has a dual role in the promotion or attenuation of cell death. Here, we demonstrated the role
of NF-kB in the H,O,-induced death of astrocytes. H,O, evoked the release of lactate dehydrogenase (LDH), a marker of cell
death, and concomitantly decreased the DNA binding and transcriptional activity of NF-kB in cultured astrocytes. H,O»-
induced astrocyte death was markedly increased by the co-treatment with pyrrolidinedithiocarbamate, an NF-kB inhibitor.
Moreover, the elevation of constitutive NF-«kB activity by overexpressing p65 NF-«kB subunit attenuated H,O, toxicity,
whereas NF-kB inhibition by overexpressing IkB potentiated the toxicity. NF-«B activity and H,O, cytotoxicity was further
found to be dependent on cell density. Compared with astrocytes in low cell density, those in high cell density exhibited a
higher constitutive NF-«kB activity and a stronger resistance to H,O, cytotoxicity. These results indicate that the constitutive
activity of NF-«B in astrocytes is required for their survival under oxidative stress such as H,O,.

Keywords: Astrocyte, H;O,, NF-kB, LDH release

Abbreviations: NF-«B, nuclear factor-kappaB; H,O,, hydrogen peroxide; LDH, lactate dehydrogenase; PDTC, pyrrolidine
dithiocarbamate; IkB, inhibitory kappa B

Introduction are in general more resistant to the ROS-mediated

Reactive oxygen species (ROS)-mediated oxidative oxidative stress due to their high antioxidative capacity

stress is important in the pathogenesis of the CNS
diseases, including ischemic stroke, Alzheimer’s
disease, Parkinson’s disease, and amyotropic lateral
sclerosis (for review, see Ref. [1]). Hydrogen peroxide
(H,0,) also has been closely associated with those
neurodegenerative diseases [2,3]. Like other ROS, the
cytotoxicity of H,O, is caused by the deterioration of
cellular antioxidative systems and energy metabolism
in neurons [4,5]. Compared with neurons, astrocytes

[4,6,7]. At high concentrations (> 0.2 mM), however,
H,0, induces the death of astrocytes [8,9]. At
present, however, it is not fully understood how
H,0, induces the death of astrocytes.

Nuclear factor-kappaB (NF-kB) is sequestered in
the cytoplasm, as bound to isoforms of inhibitory
kappaB (IkB). Exposure to a number of stimuli results
in the degradation of IkB and unbound NF-«kB
translocates into the nucleus and transcriptionally
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activates target genes associated with inflammation
and cell death (for review, see Refs [10,11]). Many
i vitro and in vivo data have indicated that NF-«kB
activity is directly or indirectly involved in neuronal
death under the neuropathological conditions, includ-
ing ischemia and Alzheimer’s disease [12-14]. In
contrast, however, it has been also reported that the
inhibition of NF-kB activity exacerbates cytotoxicity
by toxic stimuli, including H,O0,, amyloid B (AR),
tumor necrosis factor-a (TNF-a) and kainate [15-
17]. Taken together with those controversial findings,
the cytoprotective or cytodestructive role of NF-«B
seems to be cell- and/or stimulus-dependent.

Some researchers have reported that constitutive
expression of NF-kB may play a crucial role in the
survival of the cells against oxidative stress [18,19].
Previously, NF-«kB has been shown to be constitutively
expressed in astrocytes [20,21]. Therefore, in the
present study, we hypothesized that the constitutive
expression of NF-kB pathway could be involved in the
resistance of astrocytes to oxidative stress. In the
present study, H,O, was employed to study the role of
NF-«kB against acute oxidative stress. Our results in
this study demonstrate that H,O, can induce the
death of astrocytes via inhibition of their constitutive
NF-kB activity.

Materials and methods
Cell culture

Rat primary astrocytes were cultured from the
prefrontal cortices of 2—4-day-old Sprague—Dawley
rat pups, as described before [7]. Briefly, cells were
dissociated for 10 min by mild trypsinization at 37°C,
passed through sterile nylon sieves (80 wm pore size)
into Dulbecco’s modified Eagle’s medium/F12
(DMEM/F12; Gibco BRL, Paisley, UK) containing
10% heat-inactivated fetal bovine serum (FBS; Gibco
BRL) and plated onto poly-D-lysine (PDL, 20 pg/ml)-
coated 75-cm? culture flasks. One week later, cells
(2 x 10° cells/ml) were replated onto PDL-coated
48-well plates or 100 mm? dish. Five days later, cells
were used for the experiments. The cultures consisted
of mainly astrocytes (>95%) and microglial cells
(<5%), as identified by immunocytochemistry using
antibodies against glial fibrillary acidic protein (Santa
Cruz Biotech, CA, USA) for astrocytes and isolectin
B, (Sigma, St Louis, MO, USA) labeling for
microglia, respectively. Alternatively, C6 glioma
cells, rat astroglial cell line, were cultured in DMEM
medium containing 10% heat-inactivated FBS.

Determination of cell death

Cell injury or death was assessed by morphological
examination using phase-contrast microscopy and
quantified by measuring the amount of lactate

dehydrogenase (LDH) released into the bathing
medium [7]. Activity of LDH was measured using a
diagnostic kit (Sigma Chemical Co.). Cell viability
was expressed as percentage of total LDH, which was
measured in sister cultures frozen and thawed after the
experiments.

Electrophoretic mobiliry shift assay (EMSA)

Nuclear extract was prepared from astrocytes and
then subjected to EMSA according to our previous
method [22]. The double-stranded DNA oligonu-
cleotide containing the NF-«kB binding site that were
purchased from Promega (Madison, WI, USA) were
end-labeled using T4 polynucleotide kinase (New
England Biolabs, Beverly, MA, USA) in the presence
of [y->?P] ATP. Nuclear proteins (10ug) were
incubated with [y->P]-labeled NF-kB probe (about
50,000 cpm) on ice for 30min. For competition
studies, prior to the addition of NF-kB labeled probe,
the nuclear extracts were preincubated for 30 min on
ice with 30-fold excess of unlabeled oligonucleotide
for NF-kB or AP-1. For supershift analysis, the
nuclear extracts were preincubated for 1 h on ice with
antibodies against p50 or p65 subunit of NF-«B
(Santa Cruz). Samples were resolved on a 5% non-
denaturing polyacrylamide gel and visualized by
autoradiography.

Transient transfection

pCMV-IkB-alpha (IkB-a)-S32AS36A (kindly
donated by Dr Zantema, Leiden University, The
Netherlands) was used as described elsewhere [23].
pCMV-IkB-a-S32AS36A contains mutated alanines
at the serine phosphorylation sites. The cDNA for the
p65 subunit of NF-kB was generated by RT-PCR
from a total RNA preparation of C6 glioma cells. A set
of primers, 5-CTGGGATCCCTATGGACGAACT-
GTTCCCCCTC-3 and 5-AGACTCGAGTTAGG-
AGCTGATCTGACTCAGC-3' were used in a PCR
to generate an amplicon that consisted of the p65
coding sequence flanked by BamHI and Xohl
restriction sites. Correct cDNAs were verified by
automated sequencing. This PCR product was then
ligated with the pcDNA3.1/HisA vector (Invitrogen,
Carlsbad, CA, USA) to produce pc-DNA-his-p65.
Electroporation was carried out using an Electro-
porator II (BioRad, Richmond, CA, USA). NF-«B-
reporter gene driven by four tandem copies of k
enhancer (kB4) was purchased from Clontech (Palo
Alto, CA, USA). Transfection was performed using
LipofectAMINE PLUS reagent (Invitrogen). C6
glioma cells were transfected with NF-kB reporter
and hygromycin B resistant plasmid (pSGHyg) in the
ratio of 10:1. Stably transfectant cells were selected in
the presence of 400 pg/ml of hygromycin B (Gibco
BRL, Grand Island, NY, USA).
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Figure 1. H,0, induces the death of rat primary astrocytes. Cells
were incubated for 6 h with increasing concentrations of H,O, (0.1—
1mM). Cell death was determined by measuring the release of
LDH, as described in Materials and methods. Data are mean = SD
(n=4).

Luciferase assay

The transfected cells with the NF-kB-luciferase
construct were exposed to various experimental
conditions. After treatments, cells were harvested
and lysed with reporter lysis buffer (Promega
luciferase assay kit). Luciferase assays were performed
with a luminometer (1LB953, Berthold Co., Wildbad,
Germany) in according to the manufacturer’s
instructions.

Statistical analysis

Data are expressed as the mean * standard deviation
(SD) and analyzed for statistical significance by using
two way analysis of variance (ANOVA) followed by
Sheffe’s test as a post hoc test and a P value <0.05 was
considered significant.

Results
H;05-induced cell death and NF-«kB inactivation

To investigate the effect of H,O, on the viability of rat
primary astrocytes, cells were exposed to the various
concentrations of H,O, (0.1-1mM) for 6 h. H,O,
increased the release of LDH from cells at concen-
trations over 0.2 mM (Figure 1). To identify the role of
NF-kB in the H,Os-induced death of rat primary
astrocytes, we examined whether H,O, altered the
DNA-binding activity of NF-«kB by a gel mobility shift
assay (EMSA) using the antibody against p65 subunit.
Increasing concentrations of H,O, reduced the
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Figure 2. H,O0, reduces DNA binding and transcriptional activity
of NF-«kB in astrocytes. (A) Rat primary astrocytes were treated with
various concentrations of H,O, (0.2—1 mM) for the indicated times.
Equal amounts of nuclear protein were incubated with the y—32P—
labeled oligonucleotide harboring NF-kB and subjected to EMSA.
The arrow head points the super-shifted complexes that were
assessed using the antibody against p65 NF-kB subunits. (B) C6
glioma cells were transiently transfected with a plasmid containing
the NF-kB-binding site-luciferase construct. Transfected-cells were
incubated for 3h with increasing concentrations of H,O, (0.1—
0.5mM) and the luciferase activity was determined. The luciferase
activity is expressed as a percentage of untreated cells. Data
mean + SD (n = 4).

intensity of the shifted complex at all time points
examined, which occurred as early as 0.5 h after H,O,
exposure (Figure 2A). The shifted complex was
eliminated in the presence of a 30-fold molar excess of
unlabeled NF-kB probe (cold NF-kB) but not an
oligonucleotide containing an AP-1 consensus
sequence (cold AP-1), indicating that the binding is
specific to NF-kB (Figure 2A). We further investi-
gated whether the inactivation of NF-kB by H,0,
would be also reflected at the transcriptional level. For
this, rat C6 glioma cells were transfected with the
reporter plasmid containing NF-«kB-luciferase con-
struct. H,O, concentration-dependently decreased
the basal luciferase activity of NF-kB (Figure 2B)
prior to apparent cell injury or death (data not shown),
as assessed morphologically or by measuring LDH
activity.
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Figure 3. PDTC, a NF-«kB inhibitor, potentiates the H,O,-
induced death of astrocytes. (A) Rat primary astrocytes were
exposed to H,O, (0.5mM) in the absence or presence of PDTC
(20 uM). Six hours later, cell death was assessed by detecting
morphological changes using a phase-contrast microscope. (B) Rat
primary astrocytes were exposed to H,O, (0.1-0.5mM) in the
absence or presence of various concentrations of PDTC (0.1—
100 pM). Six hours later, cell death was determined by measuring
the release of LDH from cells. (C) C6 glioma cells were transiently
transfected with a plasmid containing the NF-«kB-binding site-
luciferase construct and then exposed to various concentrations of
H,0, (0.1-0.5mM) in the absence or presence of PDTC (20 puM).
Three hours later, the luciferase activity was determined and
expressed as percentage of untreated control. Data are mean = SD
(n=4).

Potentiation of H,Os-induced cytotoxicity by NF-kB
mactivation

We further determined whether the inhibition of NF-
kB modulated the degree of H,O,-induced cytotox-
icity in astrocytes. Although it did not induce any
cytotoxicity by itself, pyrrolidine dithiocarbamate
(PDTC), an NF-kB inhibitor reported to inhibit IkB
degradation [24], aggravated the H,O,-induced death
of astrocytes (Figure 3A,B). PDTC reduced the
transcriptional activity of NF-«kB (Figure 3C). It is
noteworthy that the inhibition of NF-kB by PDTC
makes cells vulnerable to low concentrations of H,O,
(0.1-0.2mM). MG-132, another inhibitor for the
NF-kB pathway [24], also exacerbated the H,O,-
induced death of astrocytes (data not shown). Thus,
the NF-«kB pathway seems to play a protective role in
the H,0O,-induced death of astrocytes.

Next, we further identified the protective role of
NF-«kB pathway against the H,O,-induced death of
astrocytes using genetic tools for the activation or
inhibition of NF-«kB pathway. To examine whether the
activation of NF-kB pathway by overexpressing p65
can prevent H,O,-induced death of astrocytes, C6
glioma cells were co-transfected with a p65 expressing
vector and an indicator vector (4kB-Luc) and then
treated with 0.5 mM H,0,. Overexpression of p65
partially but significantly blocked the H,O,-induced
death (Figure 4A) and increased the transcriptional
activity of NF-kB (Figure 4B). Stimulation of cells
with a wide variety of agents results in the degradation
of IkB-a, which allows translocation of NF-kB to the
nucleus. Degradation of IkB is triggered by the
phosphorylation of two serine residues, i.e. Ser32 and
Ser36 and the mutation of both Ser32 and Ser36
completely inhibits ligand-induced phosphorylation of
IkB [23]. Thus, we further examined whether the
inhibition of NF-kB pathway by overexpressing a
stable form of IkB-a (mutated-IkB-a) could exacer-
bate the death after exposing to H,O,. As expected,
we observed that C6 glioma cells transfected with an
IkB-a-expressing vector were more susceptible to
H,0, than untransfected cells (Figure 4A) and lost
the transcriptional activity of NF-«kB (Figure 4B).

High cell densiry abrogated both H,O, sensitivity and NF-
kB DNA binding activity

It has been reported that cell density is one of the
factors for cell viability [18,19]. Thus, astrocytes were
initially plated at various densities (0.4 X 10°,
2 % 10° or 1 X 10° cells/ml) and cell death was
determined after the treatment with 0.5 mM H,0,.
We found that cells became more resistant to H,O,
(0.5 mM)-evoked cytotoxicity (Figure 5A) by increas-
ing cell numbers. Additionally, the DNA-binding
activity of NF-kB was decreased by H,O, in astrocytes
at lower cell density (5X of 5 days or 1X of 8 days in
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Figure 4. Overexpression of p65 inhibits the H,O,-induced the death of C6 glioma cells but that of IkB-a potentiates it. (A) For the increase
and decrease in NF-kB activity, C6 glioma cells were transiently transfected with expression vectors for p65 and IkB-a S32A/36A,
respectively, and then incubated in the absence or presence of 0.5 mM H,0,. Twelve hours later, cell death was determined using LDH assay
method. P < 0.01, significantly different (**, decrease; ##, increase) from the groups transfected with each control vector. (B) C6 glioma cells
were transfected with NF-kB-luciferase construct alone or in combination with each vector for p65 or IkB-a S32A/S36A. Three hours later,
the luciferase activity was determined and expressed as percentage of untreated control. Data are mean = SD (z = 4). P < 0.001, significantly
different (***, decrease; ###, increase) from the groups transfected with each control vector.

culture), but it was not so much affected by H,O, in
high-density astrocytes (25X of 5 days or 5X of 8 days
in culture) (Figure 5B).

Discussion

Astrocytes may be resistant to oxidative stress due to
their high antioxidative capacity [4,6,7]. Our present
study provides another evidence that the survival of
astrocytes against oxidative stress may be, at least in
part, due to their constitutive NF-kB activity: (1)
astrocytes exhibit a constitutive activation of NF-kB;
(2) H,0, reduces DNA binding as well as transcrip-
tional activity of NF-kB in astrocytes; (3) inhibition of

A B 5 days, 5X cells
B 5 days, 25X cells

1007 E 8 days, 1X cells

8 days, 5X cells

757

LDH release (% of total)

control

H,0, (0.5 mM)

Figure 5.

Cell number 5X 25X 5X 25X 1X 5X

the NF-kB pathway exacerbates, but activation
attenuates H,O, cytotoxicity in astrocytes; and (4)
increasing cell density makes astrocytes more tolerable
to H,O, cytotoxicity, which is consistent with the
maintenance of NF-kB activity even in the presence of
H,0,.

H,0,, a major form of ROS, can induce oxidative
stress and death in neuropathological conditions. In
particular, the accumulated concentration of H,O, in
the ischemic stroke-challenged brains increases up to
approximately 0.15mM that is high enough to kill
cultured neurons [2]. Even though astrocytes are
more resistant to oxidative damage than neurons, they
can also be eventually damaged by excessive oxidative

5 days 8 days

1X 5X

HO, — -

+ o+ - =+ o+
- 3
NF-xB » . m‘

Effect of H,O, on NF-«B activity and cell viability in low- and high-density astrocytes. Astrocytes were initially plated at different

densities (4 X 10* (1 x),2 X 10° (5 x)and 1 x 10° (25 X ) cells/ml) and grown for 5 and 8 days. (A) Cells were exposed to 0.5 mM H,0,
for 6 h and then cell death was determined using LDH assay method. Data are mean = SD (n = 5). ***P < 0.001, significantly different from
untreated control. (B) Cells were exposed to 0.5mM H,0, for 3h and then the activity of NF-kB was analyzed by EMSA. Data are
representative of four separate experiments. Hydrogen peroxide did not significantly change the NF-kB activities in the astrocytes with higher
cell density on 5 and 8 days in culture.
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stress [25,26]. In the present study, astrocytes were
found to be injured or killed by the treatment of
0.2mM H,O, for several hours. Similarly, many
reports have shown that excess H,O, (>0.2mM)
induces the death of astrocytes [27—29].

Much evidence has been accumulated that oxi-
dative stress activates the NF-kB pathway (for review,
see Refs [30,31]). In general, however, the up- or
down-regulation of NF-kB activity by oxidative stress
is thought to be cell- and stimulus-dependent (for
review, see Ref. [31]). H,O, activates the NF-«B
pathway in non-neuronal cells including Jurkat T
cells [32], mouse fibroblasts [33] and neuronal cells
such as cerebellar granule cells [34]. In contrast,
H,0, inhibits the NF-«kB pathway in HeLa cells.
Thus, the treatment with high (3 mM) concentration
of H,O, completely suppressed the NF-«kB activity in
unstimulated or tumor necrosis factor (TNF)-
stimulated HelLa cells [35]. Similarly, the inhibition
of NF-kB activity was observed in H,O,-treated
astrocytes.

NF-kB activation has been known to mediate pro-
apoptotic as well as anti-apoptotic process, depending
on stimuli and its target genes (for review, see Refs
[11,36]). Cells that are resistant to oxidative stress
exhibit constitutive activation of NF-«B possibly as an
adaptive defense mechanism [21,37]. Therefore, the
inhibition of NF-kB pathway using transdominant
negative IkB-a and p65 peptide potentiated AB-
mediated apoptosis in cerebellar granule cells [38] and
TNF-a-induced death in leukemic cells [17]. Over-
expression of NF-kB increased cell viability by
suppressing the induction of apoptosis in various cell
types [39-41]. Similarly, in the present study, the
inhibition of NF-kB activity by both chemical
inhibitor (PDTC) and overexpressing IkB-a poten-
tiated the H,O,-induced death of astrocytes. Further-
more, the elevated basal NF-kB activity by
overexpressing p65 subunit reduced the H,O,-
induced death. However, the molecular mechanisms
underlying the anti-apoptotic effect of NF-kB have
not been fully clarified. Recently, Jang and Surh
reported that bcl-2 could protect against H,O,-
induced apoptosis through the activation of NF-kB in
cultured rat pheochromocytoma PC12 cells [16]. The
relationship between bcl-2 and NF-«kB activity is
needed to be elucidated in astrocytes.

It is important to see the specificity of our present
findings with H,O,. Previously, we reported that the
final product of lipid membrane peroxidation 4-
hydroxy-2E-nonenal (HNE) down-regulated the basal
activity of NF-kB and increased cytotoxicity [42]. NF-
kB inhibitors such as PDTC, N-acetyl cysteine, and
MG-132 also enhanced the death of neuronal cells
caused by oxygen glucose deprivation/re-oxygenation.
Thus, inhibition of NF-kB activity might be associ-
ated with the oxidative stress-induced cell death in
cells with high constitutive NF-«kB activity.

In this study, the decreased NF-«kB activity was not
caused by cell injury or death by H,O,. Thus, cell
death did not occur in either PDTC alone-treated
(Figure 3A,B) or IkB-a-transfected (Figure 4A) cells.
In accordance with our data, Takada et al. also
demonstrated that the inhibition of NF-kB using p65
peptide did not itself cause any cytotoxicity but it
exacerbated the TNF-a-induced cytotoxicity [17].

Some researchers have demonstrated that the
density of cells in culture influences the apoptosis-
associated cell death as well as the constitutive NF-«kB
activity [18,19]. Thus, high-density smooth muscle
cells were shown to be resistant to apoptosis due to
their high constitutive NF-kB activity [18,19]. In the
present study, H,O, induced cell death in low-density,
but not high-density astrocytes. Constitutive NF-«B
activity was found to be elevated in the high-density
cells and the activity was not affected by the treatment
with H,O, even at high concentration (0.5mM
(Figure 5) and 1 or 3mM (data not shown)). The
present results imply that the high constitutive activity
of NF-kB represses the susceptibility of astrocytes to
H,0, cytotoxicity.

In conclusion, the current study provides more
insight into the protective role of constitutive NF-«kB
activity against H,O,-induced cytotoxicity. Since
oxidative stress is one of main factors for the injury
in the CNS degenerative diseases, our data may
contribute to the better understanding of molecular
basis of the diseases and the development of potential
therapies to control these disorders. However, the
model used in this study reflects acute condition.
Thus, more studies should be done for extrapolation
of our findings to chronic conditions.
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