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Abstract

Nitric oxide (NO) is a widely recognized mediator of physiological and pathophysiological signal transmission. In an attempt to better
understand the molecular actions of NO in astrocytes, stress protein expression in response to NO donor sodium nitroprusside was
investigated. Heme oxygenase-1 (HO-1) has been identified as an inducer of manganese superoxide dismutase (MnSOD), playing a
cytoprotective role under the condition of nitrosative stress. We present evidence that the sequential induction of HO-1 and MnSOD
protects astrocytes from NO toxicity: (1) both HO-1 and MnSOD expression were induced by NO; (2) NO-mediated increase in MnSOD
activity was partly abolished by HO-1 inhibitor Zn(II) protoporphyrin IX (ZnPP); (3) pretreatment of astrocytes with a nontoxic dose of
NO protected the cells against the later treatment with a toxic dose of NO; (4) inhibition of HO-1 by ZnPP sensitized astrocytes to the
nontoxic dose of NO resulting in a marked cytotoxicity; and (5) adenovirus-mediated overexpression of MnSOD protected astrocytes from
the NO toxicity. The molecular action of NO in astrocytes appears to be dose-dependent. While a high dose of NO exerts cytotoxicity
leading to the tissue damage in the central nervous system, a low dose of NO may act as an important signaling molecule in astrocytes with

concurrent induction of cytoprotective proteins such as HO-1 and MnSOD.

© 2005 Elsevier Inc. All rights reserved.
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1. Introduction

Nitric oxide (NO) is an intra- and extracellular-messen-
ger that mediates diverse signaling pathways in target cells
and is known to play an important role in many physio-
logical as well as pathological processes [1-3]. NO is
produced from vL-arginine and molecular oxygen in a
reaction catalyzed by one of three NO synthase (NOS)
isoenzymes (eNOS, nNOS, and iNOS). Among these iso-
forms, iNOS is inducible and is capable of production of
high amounts of NO that characterize inflammatory con-
dition. NO can prevent or induce cellular apoptosis
depending on its concentration and cellular redox state
[4]. Long-lasting production of NO under inflammatory
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condition acts as a proapoptotic modulator by activating
caspase family proteases. However, low or physiological
concentrations of NO prevent cells from apoptosis. A
direct inhibition of the apoptotic caspase family proteases
by S-nitrosylation of the cysteine thiol is thought to be one
of the antiapoptotic mechanisms of NO. Also, at low
concentration, NO acts as a signaling molecule by stimu-
lating guanylate cyclase in blood vessels, brain, kidney,
heart, and many other organs [5]. In contrast, at high
concentration, NO may cause tissue damage by negatively
influencing the activity of essential biomolecules [6].

In the central nervous system (CNS), astrocytes are one
of the major cellular sources of NO production [7,8].
Astrocytes, the most abundant cell type within the CNS,
provide mechanical and metabolic support for neurons.
Astrocytes are also important for neuronal survival. They
release a variety of growth factors and cytokines that
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stimulate neuronal survival and protect neurons against
excitotoxic and oxidative insults by releasing antioxidants
[9-11]. There is also growing evidence that NO produced
by activated astrocytes may be involved in neuronal
destruction [12-14]. Upon inflammatory stimulation,
astrocytes proliferate and produce diverse intercellular
mediators such as NO and TNFa [7,8,15-17]. These
inflammatory mediators are thought to act as a neurotoxin
that causes CNS pathologies. Astrocytes are also a target of
NO action. NO exerts diverse effects on astrocytes depend-
ing on the experimental conditions. Astrocytes undergo
apoptosis upon inflammatory activation, and NO produced
by activated astrocytes acts on themselves to induce the
auto-regulatory apoptosis via caspase-3 [18]. NO mediates
a lipopolysaccharide (LPS)-induced depression of cyto-
chrome P450 (CYP1A) activity in astrocytes [19]. NO
induces apoptosis-like cell death in astrocytes by p53- and
Bax-dependent mechanisms [20]. Cytoprotective effects of
NO have been also reported. NO reacts with superoxide to
generate peroxynitrite, which specifically induces nerve
growth factor expression and secretion in astrocytes [21].
NO protects cultured astrocytes against apoptosis via a
cGMP-dependent mechanism [22]. NO acts as a powerful
antioxidant for astrocytes preserving mitochondrial and
cellular integrity during oxidative stress [23]. In spite of
these previous studies, the precise regulatory role of NO in
astrocytes and the molecular mechanisms of NO actions
are far from clear, because (i) NO is converted into various
derivatives including peroxynitrite and nitrite, (ii) NO
reacts with a wide range of cell components, and (iii)
NO and its various derivatives can be cytotoxic or cyto-
protective depending on the conditions.

In order to better understand the molecular actions of
NO in the stress response of brain astrocytes, we assessed
the effect of NO on the expression of stress proteins. We
have found that NO sequentially induces heme oxygenase-
1 (HO-1) and manganese superoxide dismutase (MnSOD),
and the induction of these proteins is responsible for the
cytoprotective effects of NO at low concentration in mouse
astrocytes.

2. Materials and methods
2.1. Reagents and cells

Sodium nitroprusside (SNP) and Zn(II) protoporphyrin
IX (ZnPP) were obtained from Sigma (St. Louis, MO).
Astrocyte cultures were prepared from the brains of 0—4-
day-old ICR mice (Samtako Co.; Osan, Korea) by the
method of McCarthy and de Vellis [24]. Briefly, whole
brains were dissociated in Dulbecco’s modified Eagle’s
medium (DMEM) (GibcoBRL, Carlsbad, CA), supple-
mented with 10% heat-inactivated fetal bovine serum
(FBS) (GibcoBRL), 100 U/ml penicillin and 100 pg/ml
streptomycin (GibcoBRL). Cells were seeded at 75 cm?

tissue culture flasks coated with poly Dp-lysine (Falcon,
Becton Dickinson and Company, Franklin Lakes, NJ).
Cells were grown at 37 °C in a 5% CO, humidified atmo-
sphere. The culture medium was changed after 5 days in
vitro and then every 3 days. Secondary pure cultures of
astrocytes were obtained by shaking mixed glial cultures at
250 rpm overnight and then culture medium was dis-
carded. Astrocytes were dissociated using trypsin-EDTA
(GibcoBRL) and then collected by centrifugation at
1000 rpm for 10 min. The cells were resuspended in
DMEM with 10% FBS, 100 U/ml penicillin and 100 pg/
ml streptomycin, seeded at 1 x 10° cells/ml onto six-well
plates coated with poly-p-lysine and cultured for 4 days.
The purity of astrocyte cultures was greater than 95% as
determined by glial fibrillary acidic protein (GFAP) immu-
nocytochemical staining (data not shown). Animals used in
the current research have been acquired and cared for in
accordance with the guidelines published in the NIH Guide
for the Care and Use of Laboratory Animals.

2.2. Two-dimensional gel electrophoresis (2DE) and
protein identification

Isoelectric focusing (IEF) was conducted using the IPG-
phor/IsoDalt system (Amersham Biosciences, Piscataway,
NJ)at 20 °C as described [25] with minor modifications. IPG
gel strips (Amersham Biosciences) were rehydrated in a
swelling solution (7 M urea, 2 M thiourea, 2% CHAPS,
100 mM DTT, 0.5% IPG buffer, and bromophenol blue)
containing 100-500 wg proteins for 12 h at 20 °C. IEF was
performed for 1 hat200 V, 1 hat500 V, 1 hat 1000 V, 1 hat
1000 V, 30 min at 8000 V, and 45000 V/h. Thereafter, the
IPG strips were equilibrated for 15 min in 50 mM Tris—HCI
(pH 8.8), 6 M urea, 30% glycerol, 2% SDS, 10 mg/ml DTT,
and bromophenol blue, and then for 15 min in 50 mM Tris—
HCI1 (pH 8.8), 6 M urea, 30% glycerol, 2% SDS, 2%
iodoacetamide, and bromophenol blue. For the second
dimension, vertical slab gels (12% SDS PAGE) of
1.5 mm were prepared, and then an equilibrated IPG gel
strip was laid on top of the gel filled with 0.5% agarose
solution. Gel electrophoresis was carried out at 16 °C at
5 mA/cm for 1 h and at 10 mA/cm until the bromophenol
blue reached the bottom of the gel. The gel was fixed in 50%
methanol and 12% acetic acid for 1.5 h. Proteins were
detected by silver-staining, as previously described [26].
The scanned gel image was analyzed using a standard
protocol for PDQuest software (Bio-Rad, Hercules, CA).
Protein identification was done by Matrix Assisted Laser
Desorption Ionization-Time of Flight (MALDI-TOF) mass
spectrometry using Voyager-DE™ STR Biospectrometry
Workstation (Applied Biosystems, Foster City, CA).

2.3. Western blot analysis

The cells were lysed in a single-detergent lysis buffer
(50 mM Tris—HCI, pH 8.0, 150 mM NaCl, 0.02% sodium
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azide, 1% Nonidet P-40, 1 pg/ml aprotinin, 1 mM phenyl-
methylsulfonyl fluoride, 1 mM sodium metavanadate,
5 mM sodium fluoride). The protein concentration in cell
lysates was determined using a BCA protein assay reagent
kit (Pierce, Rockford, IL). An equal amount of protein for
each sample was separated by 12% SDS-polyacrylamide gel
electrophoresis and transferred to PROTRAN nitrocellulose
transfer membranes (Schleicher and Schuell, Germany).
The membranes were blocked with 5% skim milk in Tris-
buffered saline with Tween-20 (TBS-T; 20 mM Tris—HCI,
pH 7.6, 137 mM NaCl, 0.05% Tween-20), and incubated
sequentially with primary antibodies and with HRP-con-
jugated secondary antibodies (anti-rabbit IgG and anti-
mouse IgG; Pierce), followed by ECL detection (Amersham
Biosciences). The primary antibodies used were rabbit
polyclonal anti-heme-oxygenase-1 antibody (Stressgen,
Victoria, BC, Canada), rabbit polyclonal anti-Mn-super-
oxide dismutase antibody (Stressgen), and monoclonal
anti-a-tubulin clone B-5-1-2 mouse ascites fluid (Sigma).

2.4. Reverse transcription-polymerase chain
reaction (RT-PCR)

Cells were plated at a density of 1 x 10° cells/well in 6-
well plates and then cells were treated with stimuli. Total
RNA was extracted using TRIZOL (Invitrogen, Carlsbad,
CA). Reverse transcription was carried out using 1 g of
total RNA, 0.75 pmol of oligo(dT) primer, 1 unit of RNase
inhibitor (Promega, Madison, WI), 0.5 mM dNTPs and
20 units of M-MLV reverse transcriptase (Promega) in
reaction buffer containing 50 mM Tris—=HCl (pH 8.3),
75 mM KCI, 3 mM MgCl, and 10 mM DTT at 37 °C for
1 h. After heat inactivation, cDNA was stored at —20 °C
until PCR reaction. PCR amplification was carried out in
50 wl PCR reaction mixture containing 10 mM Tris—HCI
(pH 8.3), 50 mM KCl, 2 mM MgCl,, 20 pmol of primer sets,
2 units of Taq DNA polymerase (Roche, Indianapolis, IN),
0.2 mM dNTPs, and 2 pl of the first strand cDNA. Nucleo-
tide sequences of the primers were based on published
cDNA sequences: HO-1 forward, 5'-AACAAGCAGAACC-
CAGTCTA-3'; HO-1 reverse, 5'-CCTTCTGTGCAATCT-
TCTTC-3’; B-actin forward, 5'-ATCCTGAAAGACCTC-
TATGC-3'; B-actin reverse, 5'-AACGCAGCTCAGTAA-
CAGTC-3'. The PCR reaction was performed for 30
cycles with denaturation at 94 °C for 30 s, annealing at
55 °C for 30 s, and extension at 72 °C for 1 min using a
DNA Engine Tetrad Peltier Thermal Cycler (MJ Research,
Waltham, MA). For the analysis of PCR products, 10 pl of
each PCR reaction was electrophoresed on 1% agarose gel
and visualized by ethidium bromide staining. The (-actin
was used as an internal control.

2.5. Nitrite quantification

After cells were treated with SNP in 96-well plates,
NO, ™ in culture supernatants was measured to assess nitric

oxide (NO) production in primary astrocytes. Fifty micro-
liters of sample aliquots were mixed with 50 .l of Griess
reagent (1% sulfanilamide/0.1% naphthylethylene diamine
dihydrochloride/2% phosphoric acid) and incubated at
25 °C for 10 min. The absorbance at 540 nm was measured
on a microplate reader (Anthos Labtec Instruments GmbH,
Salzburg, Austria). NaNO, was used as the standard to
calculate NO, ™ concentrations.

2.6. Assessment of cytotoxicity by MTT assay or
trypan blue exclusion assay

After various treatments of the cells in culture, the
medium was removed and 0.5 mg/ml 3-[4,5-dimethylthia-
z0l-2-yl]-2,5-diphenyltetrazolium bromide (MTT) was
added, followed by incubation at 37 °C for 2 h in CO,
incubator. After a brief centrifugation, supernatants were
carefully removed and DMSO was added to the cells. After
insoluble crystals were completely dissolved, absorbance
at 570 nm was measured using a microplate reader. For
trypan blue exclusion assay, cell suspension was mixed
with the same volume of 0.4% trypan blue solution
(Sigma). Afterwards, the number of stained cells and
the total number of cells were counted using a hemocyt-
ometer (Marienfeld, Lauda-Koenigshofen, Germany).

2.7. Adenoviral expression of MnSOD and
its activity assay

Adenovirus expressing MnSOD (Ad5CMVSOD?2) was
obtained from Gene Transfer Vector Core, University of
Iowa (Iowa City, IA), and was propagated in HEK293
cells. Astrocytes were infected with the adenovirus at a
MOI of 50 for the forced expression of MnSOD. MnSOD
activity was determined by Superoxide Dismutase Assay
Kit (Cayman Chemical, Ann Arbor, MI). The assay kit
utilizes a tetrazolium salt for detection of superoxide
radicals generated by xanthine oxidase and hypoxanthine
[27].

2.8. Statistical analysis

Statistical comparison between different treatments was
done by Student’s #-test. The p < 0.05 was considered
statistically significant.

3. Results

3.1. Induction of heme oxygenase (HO)-1 and
manganese superoxide dismutase (MnSOD)
expression by NO in cultured astrocytes

In order to investigate the stress responses of astrocytes
under nitrosative stress condition, we have selected HO-1
and MnSOD as potential targets of NO action on the
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following grounds: (1) the expression of HO-1 protein in
mouse astrocyte cultures was detected by two-dimensional
gel electrophoresis followed by MALDI-TOF mass spec-
trometry (Fig. 1); (2) both HO-1 and MnSOD are involved
in the redox regulation of cells with HO-1 catalyzing
degradation of heme into biliverdin, carbon monoxide
(CO), and free iron [28], while MnSOD acting as an
antioxidant by scavenging superoxide anion [29,30]; (3)
it has been previously shown in other cell types that NO
induces HO-1 expression [31,32]; (4) NO is known to
induce MnSOD protein expression in glomerular mesan-
gial cells [33]; and (5) HO-1 induces MnSOD expression in
response to oxidative stress, and inhibition of HO-1
decreases the MnSOD expression [34]. Based on these
previous findings and the result of proteomic analysis of
astrocytes (Fig. 1), HO-1 protein expression was first
assessed after treatment of mouse primary astrocyte cul-
tures with NO donor sodium nitroprusside (SNP). Treat-
ment of astrocyte cultures with 0.2 mM SNP for 24 h, but
not 0.1 mM, induced a significant cytotoxicity (Fig. 2A).
Production of nitrite was dependent on the concentration
and duration of SNP treatment (Fig. 2B). Thus, we
employed the 0.1 mM SNP treatment for 24 h as an
optimal condition to assess the modulation of protein
expression without the apparent cytotoxicity. When the
protein level of HO-1 was evaluated by Western blot
analysis, a marked induction of HO-1 protein expression
was observed following SNP treatment (0.1 mM) with a
peak induction at 24 h (Fig. 3A). SNP of 0.05 mM, how-
ever, did not induce the HO-1 expression. At mRNA level,
a peak induction of the HO-1 expression occurred at 6 h as
demonstrated by RT-PCR analysis (Fig. 3B). When
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Fig. 2. Effects of SNP treatment on the viability (A) and NO production (B)
in astrocytes. After treatment of primary astrocyte cultures with SNP (0.1 or
0.2 mM) for 6 or 24 h, cell viability (A) or nitrite production (B) was
measured by MTT assay or Griess reaction, respectively. SNP treatment led
to the nitrite production in a dose- and time-dependent manner. The results
in this and all similar experiments were repeated several times and one
representative done in triplicates is shown. Values represent mean £ S.D.
Asterisks indicate statistically significant differences from untreated control
(p <0.05).
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Fig. 3. Evaluation of NO effects on HO-1 expression in astrocyte cultures
by Western blot analysis (A) or RT-PCR (B). Astrocytes were treated with
the indicated concentrations of SNP for 672 h, and then the levels of HO-1
protein or mRNA were assessed by Western blot analysis or RT-PCR,
respectively. Detection of a-tubulin or 3-actin was done to confirm the equal
loading or integrity of the samples. The results are representative of three
independent experiments.

MnSOD protein expression was next analyzed by Western
blot, a significant induction by SNP occurred as late as 48 h
after the treatment (Fig. 4A). A peak induction of MnSOD
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Fig. 4. Induction of MnSOD protein expression by SNP treatment. After
treatment of astrocyte cultures with 0.1 mM SNP for the indicated time
periods, MnSOD protein levels were assessed by Western blot analysis (A).
The fold increase in HO-1 or MnSOD protein levels was plotted against time
after SNP treatment (B). A relative increase in the protein levels is based on
the Western blot results in Figs. 3A and 4A.
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Fig. 5. HO-1-dependent increase in MnSOD activity following SNP treat-
ment. After treatment of primary astrocyte cultures with SNP (0.1 mM) for
24 h or 48 h in the presence or absence of HO-1 inhibitor ZnPP (2.5 pM),
MnSOD activity was measured using the SOD assay kit. SNP increased
MnSOD activity, which was partially abolished by ZnPP cotreatment.
Values are mean + S.D. The asterisk indicates statistically significant
differences between the two treatments (p < 0.05).

was preceded by the strong HO-1 induction, suggesting a
sequential induction of HO-1 and MnSOD following the
SNP treatment (Fig. 4B). The NO-mediated induction of
MnSOD protein was further investigated by MnSOD
activity assay (Fig. 5). SNP strongly induced MnSOD
activity in astrocyte cultures after 48 h. When the astrocyte
cultures were treated with SNP in the presence of a specific
competitive inhibitor of HO-1, zinc protoporphyrin IX
(ZnPP) [35], the SNP-mediated increase in MnSOD activ-
ity was abolished, supporting the HO-1-dependent induc-
tion of MnSOD.

3.2. Cytoprotective role of HO-1 and MnSOD
against NO toxicity

It has been previously shown that HO-1 and MnSOD
exert cytoprotective effects under stress conditions, and
NO exerts dose-dependent effects being cytoprotective at
low concentration and being cytotoxic at high concentra-
tion [28,36]. Thus, we hypothesized that the sequential
induction of HO-1 and MnSOD by a low-dose NO in
astrocytes may protect the cells against toxic effects of
the high-dose NO. To test this hypothesis, we extended the
SNP dose response study. When the concentration of SNP
was gradually increased from 0.1 to 0.4 mM, a pronounced
cytotoxicity was observed at 0.2 mM SNP (Fig. 6A).
Similar results were obtained by trypan blue assay (data
not shown). Potential cytoprotective effects of low-dose
NO were tested by a pretreatment experiment, where
astrocytes were pretreated with a nontoxic dose of SNP
(0.1 mM) for 24 or 48 h prior to the toxic 0.2 mM SNP
treatment for 24 h. Compared to astrocytes without the
pretreatment, pretreated cells showed a much higher via-
bility (Fig. 6B). To evaluate the role of HO-1 and MnSOD
in the cytoprotection, the HO-1 inhibitor ZnPP and the
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Fig. 6. Cytoprotective effects of pretreatment with a nontoxic dose of NO
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“p < 0.01).

adenoviral vector expressing MnSOD were employed
(Fig. 7). When astrocytes were treated with a nontoxic
dose of SNP in the presence of ZnPP, a significant cyto-
toxicity was observed (Fig. 7A). Adenovirus-mediated
overexpression of MnSOD protected astrocytes against
the SNP cytotoxicity (Fig. 7B and C). In addition, cotreat-
ment with ZnPP abolished the adenovirus-mediated cyto-
protective effects (Fig. 7C). Combined with the results in
Fig. 5 (the reduction of MnSOD activity upon the inhibi-
tion of HO-1), these results supported our hypothesis that
the sequential induction of HO-1 and MnSOD confers a
cytoprotection against NO toxicity.

4. Discussion

NO exerts various physiological as well as pathological
effects [1-3]. Although the downstream signaling events of
NO actions are partly understood with respect to its phy-
siological functions, one of the most puzzling questions

regarding NO actions that has yet to be answered is how NO
exerts opposing effects on the cell viability depending on its
concentration. At high concentration, NO is known to
mediate cytotoxic effects in a variety of cell types. Under
many other conditions, however, NO exerts anti-apoptotic
effects at low concentration. Our results reported here may
provide an answer to this question. To better understand
molecular actions of NO in the astrocyte stress responses, we
focused on HO-1 and MnSOD in the current work, with a
hypothesis that these proteins may be induced by a mild
nitrosative condition and may play a cytoprotective role
under the severe nitrosative condition in astrocytes. Our
hypothesis was supported by the following observations: (1)
both HO-1 and MnSOD expression were induced by NO; (2)
pretreatment of astrocytes with nontoxic dose of NO pro-
tected the cells against the later treatment with toxic dose of
NO; (3) HO-1 and MnSOD were required for the cytopro-
tective activity. These results indicate that the molecular
action of NO in astrocytes appears to depend strictly on the
concentration of the molecule. When astrocytes are exposed
to low dose of NO, they induce cytoprotective proteins such
as HO-1 and MnSOD, and then cells survive to use NO as a
signaling molecule. In contrast, overwhelming dose of NO
seems to rapidly induce cell death without giving the cells a
chance to produce cytoprotective proteins, which may lead
to the tissue damage in the CNS.

Heme oxygenase is an enzyme that catalyzes the break-
down of heme to biliverdin, with the release of iron ions and
CO [28]. Two isoforms of heme oxygenase have been
characterized, a constitutive isoform (HO-2) predominantly
under normal physiological conditions, and a stress-induced
isoform (HO-1), which is identical to the heat shock protein
HSP32. The overall effect of heme oxygenase is to remove a
pro-oxidant (heme), and to generate a putative antioxidant
(bilirubin) and another pro-oxidant (iron). HO-1 protein has
been shown to be associated with the protection against
oxygen toxicity in cultured fibroblasts [37]. It has been also
reported that mice lacking HO-1 are vulnerable to mortality
and hepatic necrosis when challenged with endotoxin [38],
suggesting that HO-1 is an important enzyme in the protec-
tion of cells from oxidative stress both in vitro and in vivo.
MnSOD is another antioxidant enzyme [29]. Induction of
the enzyme under various stress conditions has been
reported, and it has been shown to exert cytoprotective
effects against oxidative stress, amyloid-beta peptide, and
NO [30]. Although the induction of HO-1 and MnSOD and
their cytoprotective role under the stress condition are well
documented in multiple cell types, a functional role of these
two enzymes and their interrelationship in astrocytes under
the nitrosative stress have not been addressed. The sequen-
tial induction of HO-1 and MnSOD under the nitrosative
condition, as demonstrated in the current study, suggests an
important functional link between the antioxidant enzymes
and the existence of a time-dependent role assignment
among the antioxidant enzymes to cope with the stress
condition.
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Fig. 7. Cytoprotective effects of the sequential induction of HO-1 and MnSOD against the NO toxicity. Astrocyte cultures were treated with SNP of 0.1 mM in
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absence or presence of ZnPP (2.5 uM) (C). Adenoviral expression of MnSOD attenuated the SNP toxicity, which was reversed by HO-1-inhibiting ZnPP. Values
represent mean £ S.D. Asterisks indicate statistically significant differences between the two treatments (p < 0.05).

Adenovirus-mediated overexpression of MnSOD pro-
tected astrocytes against the SNP cytotoxicity, but cotreat-
ment with ZnPP abolished the cytoprotective effects
observed in cells overexpressing MnSOD, suggesting that
HO-1 regulates the activity of MnSOD (as shown in Fig. 5)
independently of its level of expression (Fig. 7C). Thus,
HO-1 appears to influence both the expression and the
activity of MnSOD. What is then the mechanism by which
HO-1 influences the expression and activity of MnSOD?
After all, HO-1 is an enzyme that mediates the conversion
of heme into biliverdin, iron, and CO. Therefore, the effect
of HO-1 is possibly mediated by these products of the
enzymatic reaction. The release of free iron is capable of
generating the vicious hydroxyl radical through Fenton
reaction. The resulting prooxidant state may induce
MnSOD expression, because the induction of the gene
expression has been frequently observed following the
oxidative stress in many experimental systems. CO exerts
its effect by avidly binding to hemoglobin or guanylyl
cyclase. CO has been shown to induce general hypoxia, to
regulate vasomotor tone as well as neurotransmission, and
to exert anti-inflammatory effects [28]. CO may modulate
the activity or the function of the proteins via direct
interactions, and MnSOD may be one of its targets. The
cytoprotective effect of HO-1 and MnSOD does not seem
to be restricted to the nitrosative stress condition. Exposure
of astrocyte cultures to the endotoxin and cytokine mix-

tures (LPS/IFNy/TNFa) has been shown to induce a
marked cytotoxicity [18]. Pretreatment of astrocyte cul-
tures with 0.1 mM of SNP conferred a cytoprotection
against the subsequent treatment with the LPS/IFNvy/TNFa
(Suk K, et al., unpublished results).

An increased production of free radical species is related
to the development of neurodegenerative diseases, vascular
dysfunction, carcinogenesis, and aging [39]. Irrespective of
the source and mechanisms that lead to the oxidative or
nitrosative challenges, mammalian cells have developed
highly refined inducible systems against a variety of stressful
stimuli. Each one of these systems, when appropriately
activated, has the possibility to restore cellular homeostasis
and to rebalance redox equilibrium [40]. Nitrosative stress,
defined as excessive or deregulated NO formation [41], leads
to an increase of reactive nitrogen species (RNS) production
and has been associated with a number of disorders.
Although, in the CNS, astrocytes are suspected of being
involved in a wide range of pathologies including trauma,
ischemia, and neurodegeneration, there are many unan-
swered questions about the role of nitrosative stress in
astrocytes as well as in these CNS disorders. Now, the
identification of MnSOD as a downstream effector of HO-
1 in astrocytes under the nitrosative condition provides new
possibilities for improved therapeutic approaches against the
CNS diseases associated with nitrosative stress, in which
astrocytes may play a pathogenic role. Moreover, further



E. Son et al./Biochemical Pharmacology 70 (2005) 590-597 597

characterization of the downstream mediators of NO actions
will provide a better understanding of astrocyte responses to
the nitrosative stress as well as the markers for astrocyte
responses in the pathogenesis of various CNS disorders.
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