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Elucidation of ATP-Stimulated Stress Protein Expression
of RBA-2 Type-2 Astrocytes: ATP Potentiate HSP60 and
Cu/Zn SOD Expression and Stimulates pI Shift of
Peroxiredoxin II
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Institute of Neuroscience, National Yang Ming University and Brain Research Center,
University System of Taiwan, Taipei, Taiwan, Republic of China

Abstract ATP has been shown to mediate stress responses in the brain. The present study examined the ATP-
stimulated stress protein expression of RBA-2 type-2 astrocytes. Our results revealed that ATP stimulated HSP60
expression in a dose- and time-dependent manner. The stimulation requires a minimal ATP concentration of 500 mMand
high concentration of extracellular ATP (1 mM) stimulated a significant increase of HSP60 expression from 2 to 24 h.
In addition, the ATP-stimulated HSP60 expressions were inhibited by inhibitors for protein kinase C (PKC) and
phospholipaseD (PLD), andbyantioxidants, resveratrol, andcatalase. Furthermore,ATP stimulated theexpression ofCu/
Zn superoxidedismutase (SOD). In addition,ATP andP2X7 receptor selective agonist BzATPalso decreasedmitochondria
membrane potential measured by flow cytometry. To further examine the proteins involving in ATP-mediated stress
responses, we conducted proteomic analysis. We found that RBA-2 astrocytes possess abundant peroxiredoxin II (Prx II),
an antioxidant enzyme. ATP and exogenousH2O2 stimulated Prx II shifting from oxidized form to reduced form. Thus, we
concluded that ATP potentiated the expression of HSP60 and Cu/Zn SOD, and decreased mitochondria membrane
potential. In addition, RBA-2 astrocytes expressed Prx II that might also serve as a protective mechanism to control the
concentration of reactive oxygen species. J. Cell. Biochem. 97: 314–326, 2006. � 2005 Wiley-Liss, Inc.
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Astrocytes are a group of important glial cells
involving in the neuronal regeneration and
degeneration. These cells are also known to be
immunocompetent cells by possessing the abi-
lity to produce a wide variety of cytokines and
chemokines [Dong and Benveniste, 2001]. The
high concentration of extracellular ATP (1 mM)
activated P2X7 receptors has been demon-
strated to affect such immune responses in

various types of immune cells [Ferrari et al.,
1997; Hide et al., 2000; Morigiwa et al., 2000;
Shigemoto-Mogami et al., 2001]. In addition,
researchers also revealed that the high concen-
tration ATP-stimulated apoptosis or necrosis is
mediated through activation of P2X7 receptor
[Surprenant et al., 1996; Schulze-Lohoff et al.,
1998; Coutinho-Silva et al., 1999; Ferrari et al.,
1999]. Because high concentration ATP-stimu-
lated cellular injury is important in immune
responses [Hogquist et al., 1991], thus the ATP-
activated P2X7 receptors might induce stress
responses, and lead to immune response and
cellular injury of astrocytes.

Furthermore, we have previously demon-
strated that 1 mM ATP stimulated Ca2þ influx
and phospholipase D (PLD) activities [Sun et al.,
1999], c-fos and zif268 immediate early gene
expressions [Hung et al., 2000], GABA release
[Wang et al., 2002], and cytokine transforming
growth factor (TGF)-b1 expression of RBA-2
astrocytes [Wang et al., 2003]. Therefore, ATP
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might stimulate stress-protein expression, for
example, heat shock protein (HSP) and super-
oxide dismutase (SOD), and caused cellular
injury of these astrocytes.
HSPs are expressed under normal culture

conditions and functions as molecular chaper-
ones to regulate the fundamental cellular pro-
cess such as protein folding, protein sorting,
protein degradation, protein assembly into larger
complex, and resolublization of aggregation.
These proteins were found rapidly synthesized
in response to stress-mediated cellular injury
and played a role in protecting cells from dele-
terious stresses [Welch, 1992;Becker andCraig,
1994; Ohtsuka and Suzuki, 2000]. HSP60 was
found to locate in both cytosol andmitochondria
[Cabiscol et al., 2000] and interacted with
mitochondria DNA (mtDNA), thus plays a role
in the mtDNA transmission [Kaufman et al.,
2003]. Transient exposure of cell to H2O2 stimu-
lated mitochondria HSP60 expression as well
as the expression of other peptides involving
in oxidation-reduction and protein biogenesis
[Mitsumoto et al., 2002]. The mitochondrial
HSP60hasbeen shown to interactwith caspase-
3 [Xanthoudakis et al., 1999], induced apoptosis
and led to the activation of mitochondrial pro-
caspase-3 and lastly resulted in a loss of mito-
chondrial membrane potential [Samali et al.,
1999]. Both mitochondrial [Lin et al., 2001] and
cytosolic [Kirchhoff et al., 2002] HSP60 have
anti-apoptotic effects on cardiomyocytes. Over-
expressionofHSP60 increased theanti-apoptotic
Bcl family and reduced the protein content of
pro-apoptotic Bax of cardiomyocytes [Shan et al.,
2003]. Recent study revealed that mammalian
HSP60 is quickly imported into mitochondria
by cytoplasmic HSP70 under severe conditions
[Itoh et al., 2002]. Proinflammatory cytokines
have been shown to enhance HSP60 expression
in astrocytes suggesting thatHSP60might play
an important role in the pathogenesis of auto-
immune disease [Bajramović et al., 2000].
However, the ATP-stimulated HSP60 expres-
sion in astrocytes remained unexplored.
Peroxiredoxins (Prx), a hydroperoxide thior-

eductase, are highly conserved proteins with
six subclasses and are a ubiquitous family of
antioxidant enzymes with active cysteine sites.
They play an important role to control H2O2

as well as to mediate signal transduction in
mammalian cells [Wood et al., 2003b]. Early
studies have identified Prx as antioxidants
[Shau andGolob, 1993; Rhee et al., 1994], which

have been cloned from a rat brain cDNA library
[Chae et al., 1994]. The active site 2-Cys Prx act
as floodgates by keeping the resting levels of
H2O2 low,while permitting higher levels during
signal transduction [Wood et al., 2003a]. The
oxidized active site cysteine ofmammalianPrx I
was demonstrated to be rapidly reduced to the
catalytically active reduced form suggesting
that the enzyme might serve as a mechanism
to repair oxidatively damaged proteins or pre-
sent as a new type of cyclic modification by
which the functions of various proteins is re-
gulated [Woo et al., 2003]. Therefore Prx may
play important roles in the control of cellular
signaling and viability in CNS.

In the present study, we found high concen-
tration of extracellular ATP stimulated HSP60
expression and the expression correlated with
an upregulation of Cu/Zn SOD. In addition, we
demonstrated that ATP and P2X7 receptor
selective agonist BzATP decreased mitochondria
membrane potential. Using two-dimensional
polyacrylamide gel elctrophoresis analysis, we
observed that RBA-2 astrocytes expressed
abundant Prx II. ATP and exogenous H2O2

caused a pI shift but did not affect the protein
expression of Prx II. Therefore, Prx II is a
constitutively expressed protein in RBA-2
astrocytes and may play an important role in
protecting these cells against oxidative stress-
induced cellular injury.

MATERIALS AND METHODS

Cell Culture of RBA-2 Astrocyte Cell Line

The RBA-2 type-2 astrocytes used in this study
were isolatedasdescribedpreviously [Sunet al.,
1999], and grown in cultured medium, F10
medium supplemented with 10% fetal bovine
serum (FBS), in a humidified atmosphere of
95% air and 5% CO2. In all experiments, the
cells used had been cultured for no more than
10 passages.

Western Blot Analysis of Cellular Proteins

RBA-2 cells were cultured into 100mmdishes
in F10 media supplemented with 2.5% FBS,
treatedwith the indicated agonists, antagonists
and inhibitors, washed, scraped, centrifuged,
and resuspendend by the addition of 400 ml of
wash buffer (0.02 M phosphate buffer contain-
ing 0.1% glucose) and 100 ml of lysis buffer (5 mM
Tris-HCl, 5 mM EDTA, 2 mM phenylmethane-
sulfonyl fluoride, 10 mM N-ethylmaleimide,
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0.6% sodium dodecyl sulfate, and 200 mM leu-
peptin, pH 8.0) in an ice-cold water bath. Cells
were then homogenized with a 2-ml Dounce
homogenizer. After removal of cell nuclei,
protein levels were analyzed by the method of
Lowry et al. [1951] using bovine serum albumin
as the standard, and aliquots of homogenate
protein (50 mg) were loaded onto each lane of
12.5% sodium dodecyl sulfate-poly-acrylamide
gel for electrophoresis according to Laemmili
[1970]. After separation, the proteins were
transferred to PVDF membrane using a BIO-
RAD semi-dry transfer cell (Hercules, CA). For
detection of HSP 60, Cu/Zn SOD, and Prx II,
nonspecificbinding sitewereblockedby soaking
theprotein-loadedPVDFmembranes for 30min
in a solution of PBS containing 0.05% Tween
20 and 5% dried skim milk. The membrane
was then reacted with a 1:500 dilution of mono-
clonal anti-HSP60 or anti-Cu/Zn SOD or anti-
Prx II antibody. Then after five washes with
PBS containing 0.05% Tween 20, the mem-
branes were treated with 1:10,000 dilution of a
secondary antibody, rabbit anti-mouse IgG,
conjugated with horseradish peroxidase (Sigma,
St. Louis, MO). The blots were then washed
thoroughly, dried, and reactedwith ECL immu-
nodetection reagents (Amersham Biosciences,
Buckinghamshire, England), and visualized by
autoradiography using Fuji medical X-ray film.

To detect the expression of b-actin of the
same sample, the blots were then stripped and
stained with antibody against b-actin and the
secondary antibody, reacted with ECL reagent
and visualized by autoradiography.

Flow Cytometric Analysis of Mitochondrial
Membrane Potential

A flow cytometric analysis by a FACS system
(Becton Dickenson, Bedford, MA) equipped
with a 488-nm argon laser was used for the flow
cytometric analysis of mitochondria membrane
potential. Forward and side scatters were used
to establish size gates and to exclude cellular
debris from the analysis. The excitation wave-
length was set at 488 nm. The observation
wavelength was set at 530 nm for green fluore-
scence and 585 nm for red fluorescence. The
emitted fluorescence was collected on the FL1
channel. For analyzing mitochondrial mem-
brane potential, cells were loaded with 2 mM
rhodamine 123 for 15min [VanderHeiden et al.,
1997; Wadia et al., 1998]. After rinsing, ten
thousand (1� 104) suspended RBA-2 cells per

samplewere analyzed. The results were expres-
sedasmeanfluorescence intensity of10,000 cells.

Two-Dimensional Polyacrylamide Gel
Electrophoresis (2D-PAGE)

After treatment, cellular protein sample was
prepared in sample buffer consisting of 20 mM
Tris, 7 M urea (Merck, Darmastadt, Germany),
2 M thiourea (Sigma), 4% CHAPS (Sigma),
10mM1,4-dithioerythrtol (Merck), 1mMEDTA
(Merck), 1mMPMSF (Sigma), and 1 ml/mg each
of pepstatin A, chymostatin, leupeptin, and
antipain [Lubec et al., 2003]. The samples were
homogenized and centrifuged at 150,000g for
45 min to obtained cytosolic fraction. Quanti-
tative precipitation of sample proteins and
removal of interfering substances such as deter-
gents, salts, lipids, phenolics, and nucleic
acids were conducted using 2-D clean-up kit
(Amersham). Total protein concentrations were
determined by a modified version of Bradford’s
assay using BSA as the standard.

Aliquots of protein samples were then sepa-
rated in thefirst dimension on thebasis of differ-
ences in their net charges using an immobilized
pH 4–7 gradient (IPG) strip (BioRad). Aliquot
of protein (250 mg) was applied on sample cups
at the basic and acidic ends and separated by
iso-electric focusing using a Protein IEF set
(BioRad). In the second dimension, proteins
were separated according to their sizes. Pro-
teins were negatively charged by SDS–PAGE
as described by Laemmili [1970]. The gels were
run at 40 mA per gel. After protein fixation for
12 h in 40% methanol, containing 5% phospho-
ric acid, gels were stained with colloidal com-
massie blue for 48 h.

Microsequencing
Analysis

The protein spots were excised, destained,
eluted, proteolytically digested by trypsin, mic-
rosequencing analyzed and proteins identified
by quadrupole time-of-flightmass spectrometry
(Q-TOF-MS). The peptide mass finger printing
(PMF) was analyzed by MASCOT. The MAS-
COT search result is listed in Table I.

MTT Assay

RBA-2 cells were cultured into each well
(2� 104 cells per well) of a 96-well plate in cul-
tured media for 24 h and switched to F10
medium supplemented with 1% FBS cultured
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for 24 h. After treating the cells with various
agonists, MTT assay was performed by adding
50 ml MTT (2 mg/ml 3-(4,5-domethylthioazol)-
2,5 dophenyl tetrazolium bromide dissolved in
F-10 medium) into each well and incubated in
the 378C CO2 incubator for 2.5 h. The medium
was removed and the insoluble formazan was
dissolved with the addition of 100 ml DMSO.
After 30min, the absorbance of themixture was
measured by an ELISA reader (LabSystems
Multiskan RC) at 490 nM wavelength.

Hoechst 33258 Staining of
Nuclear Chromatin

Hoechst 33258 binds contigous A-T bases in
DNA. Cells were cultured on poly-L-lysin coated
coverglass in a 6-well plate in culture medium,
treated with various agonists, fixed with 4%
paraformaldehyde for 2 h at 48C, and treated
with 0.2% triton X-100 for 10 min. After wash-
ing with PBS, Hoechst 33258 (1 mg/ml in PBS)
was added into each well and further incubated
for 10 min at room temperature. The cells were
thenwashed three timeswithPBSandobserved
by a fluorescence microscope (Nikon Eclipse
E800M Fluorescence Microscope, Tokyo, Japan)
using an excitation filter at wavelength 352 nm.

DNA Fragmentation

DNA fragmentation was performed using
SUICIDE-TRACKTM DNA ladder isolation kit
(Oncogene Research Product, San Diego, CA).
Cells were cultured on 100-mm dishes, treated
with various agonists, washed, scraped, and
centrifuged at 1,000g for 5 min at room tem-
perature. Supernatant was removed, DNA
extracted, loaded onto a 1.5% agarose gel, and
separated by gel electrophoresis. The separated
gel was stained for 1 h in 0.5 mg/ml ethidium
bromide and visualized by UV illumination.

RESULTS

ATP Stimulated HSP60 Expression
of RBA-2 Type-2 Astrocytes

To examine whether ATP stimulates stress
responses,RBA-2 cellswere treatedwithvarious
concentration of ATP (1–1000 mM) for 24 h and
the expression of HSP60 analyzed by Western-
blot analysis. The expression ofb-actinwasused
as internal controls. As shown in Figure 1A, 0–
100 mM ATP did not affect the expression of
HSP60 whereas 500–1,000 mM ATP signifi-
cantly potentiated the expression of HSP60 in
these cells. Thus, stimulation of HSP60 expres-
sion required a high concentration of extracel-
lular ATP. We then treated these cells with
1 mM ATP for 0–24 h. As shown in Figure 1B,
high concentration of extracellular ATP also
stimulated a time-dependentHSP60expression
of these cells. Significant increases were ob-
served from 2 to 24 h. Thus, ATP stimulated
HSP60 expression in RBA-2 astrocytes.

Protein Kinase C and Phospholipase D Signaling is
Involved in ATP Enhanced HSP60 Expression

Protein kinase C (PKC) has been shown to be
important in ATP-mediated signaling of RBA-2
astrocytes [Sun et al., 1999; Hung and Sun,
2002; Wang et al., 2002, 2003]. To examine the
mechanism involved in the ATP-stimulated
HSP60 expression, we treated the cells with two
PKC inhibitors. As shown in Figure 2A, cheler-
ythrine chloride (CL, 1 mM) but not GF109203X
(GF, 1 mM) per se slightly enhanced the expres-
sion of HSP60, nevertheless both PKC inhibi-
tors effectively inhibited the ATP-stimulated
HSP60 expression.

In addition, ATPwas also known to stimulate
phospholipase D (PLD) signaling through acti-
vationofP2X7receptors in these cells [Sunetal.,
1999;HungandSun, 2002]. To further elucidate

TABLE I. MASCOT Search Result

Protein gi number Full name Mass (Da)
Theoretical
pI value

Observed
pI value

Total
score

Peptide
matched

A 2499469 Reduced form
peroxiredoxin II

21765 5.2 4.98 182 4

B 2499469 Oxidized form
peroxiredoxin II

21765 5.2 5.20 116 2

Cytosolic proteins of RBA-2 cells cultured in the presence or the absence of ATP (1 mM) were separated by two-demensional gel
electrophoresis and stained with coommassie blue. The protein spots corresponding to A and B of Figure 5A were excised, destained,
proteolytically digested by trypsin, extracted, microsequencing analyzed, and proteins identified by quadruple time-of-flight mass
spectrometry (Q-TOF-MS). The peptide mass finger printing (PMF) was analyzed by MASCOT.
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the mechanism, cells were cultured in the
presence or the absence of PLD inhibitors,
D609 and neomycin, and the expression of
HSP60 analyzed by Western blots. As shown
in Figure 2B, PLD inhibitors, both D609 (1 mM)
and neomycin (100 nM), inhibited the ATP-
stimulated HSP60 expression. Thus, we con-
cluded that if not all, but at least in part, the

ATP-stimulated HSP60 expression is mediated
through P2X7 receptors.

Antioxidants Inhibited ATP-Stimulated
HSP60 Expression

Because HSP60 is a stress protein, we then
examine whether oxidative stress response is
involved in the enhancedHSP60expression.We

Fig. 1. ATP stimulated HSP60 expression. RBA-2 type-2
astrocytes were cultured in F10 medium, treated with (A) ATP
(0–1000 mM) for 24 h, and (B) ATP (1 mM) for 0–24 h. Aliquots
of proteins (40 mg) from cell lysates were separated by gel
electrophoresis, transblotted to PVDF membrane. Detection of
HSP60 was performed by Western-blot analysis using anti-
HSP60 antibody and visualized by the ECLmethod.Quantitative

analysis of HSP60 was determined by image-densitometry
analysis and the ratio of individual HSP60/actin calculated.
Data represent the mean� SD of three separate cultures
expressed as percentage of controls. The symbol * indicates
significant different means comparedwith the zero time controls
with P<0.05 by non-paired Student’s t-test.

Fig. 2. Protein kinase C and phospholipase D signaling affect
the ATP-stimulated HSP60 expression. RBA-2 type-2 astrocytes
were cultured in F10 medium, in the presence or the absence of
ATP (1 mM), and the (A) protein kinase C inhibitors GF109203X
(GF, 1 mM) or chelerythrine chloride (CL, 1 mM), or the (B)
phospholipase D inhibitors, D609 (1 mM) or neomycin (Neo,
1 mM) for 24 h as indicated. Aliquots of proteins (40 mg) from
cell lysates were separated by gel electrophoresis, transblotted
to PVDF membrane. Detection of HSP60 was performed by

Western-blot analysis using anti-HSP60 antibody and visualized
by the ECL method. Quantitative analysis of HSP60 was deter-
mined by image-densitometry analysis and the ratio of individual
HSP60/actin calculated. Data represent the mean� SD of
three separate cultures expressed as percentage of controls.
The symbol * indicates significant different means compared
with the controls and the symbol # indicates significant different
means compared with the ATP-stimulated HSP60 expression
with P�0.05 calculated by non-paired Student’s t-test.
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treated the cells with antioxidants catalase
and resveratrol, and analyzed the expression
of HSP60 by Western blot analysis. As shown
in Figure 3A, both catalase (100 mg/ml) and
resveratrol (1 mM) per se slightly decreased the
basal level of HSP60 expression, and effectively
inhibited the ATP-stimulated HSP60 expres-
sion in these cells.

ATP Stimulated Cu/Zn Superoxide
Dismutase (SOD) Expression

To further elucidate whether ATP treatment
induced stress response, we then examine the
effect of ATP (1 mM) on the expression of Cu/Zn
SOD. As shown in Figure 3B, ATP enhanced
a time-dependent Cu/Zn SOD expression and
significant increases were observed from 8 to
24 h.

ATP Treatment Decreased Mitochondria
Membrane Potential

Because HSP60 is a mitochondria chaperone
protein, we then measured the effect of ATP on
mitochondria membrane potential of RBA-2
astrocytes by flow cytometry. As shown in
Figure 4A, using rhodamine 123 preloaded
cells, we found that ATP rapidly decreased the
mitochondrial membrane potential of these cells.
An initial decrease was observed at 10 min, a
ATP-stimulated maximal decrease (70% of the
controls) was observed at 60 min and the low

levels were maintained throughout the test
periods 1–12 h (Fig. 4C). We also stimulated
the cells with the P2X7 receptor selective agonist
BzATP. Similarly, BzATP rapidly induced a
decrease (60% of controls) in 60 min and at
12h, theBzATP-stimulatedmitochondriamem-
brane potential was 40% of the controls.

RBA-2 Express Abundant Peroxiredoxin (Prx) II,
and ATP and Exogenous H2O2 Stimulated a Shift

of Peroxiredoxin II to Acidic Form

Because ATP might induce other stress pro-
tein expression, we separated the proteins of
RBA-2 cells treated with and without ATP
(1 mM, 16 h) by 2D-PAGE gel electrophoresis
and stained with commassie blue. As shown in
Figure 5A, ATP treatment affected the expres-
sions of two low molecular weight (22 kDa)
proteins of observed pI 4.98 (A) and 5.20 (B).
The protein spots were then excised, purified,
proteolytically digested, extracted, and then
subjected to proteomic analysis by Q-TOF. Both
of the protein spots were identified to be Prx II.
The MASCOT search results are shown in
Table I. As shown in Figure 5A, ATP treatment
caused an increase in A protein (observed
pI 4.98) and a decrease in B protein (observed
pI 5.20). To verify the effect of ATP on the
expression of Prx II, cellswere treatedwithATP
(1 mM) for 0–12 h and the expression of actin
and Prx II were examined by Western blot

Fig. 3. The ATP-stimulated HSP60 expression involves stress
response. RBA-2 type-2 astrocytes were cultured in F10medium
in the presence or the absence of ATP (1 mM) and (A) anti-
oxidants, catalase (Cat, 100 mg/ml) or resveratrol (Res, 1 mM) for
24 h. Detection of HSP60 was performed by reacting with anti-
HSP60 antibody and visualized by the ECL method. (B) RBA-2
astrocytes were cultured in F10 medium, in the presence or
the absence of ATP (1 mM) for 0–24 h. Detection of Cu/Zn SOD
(Cu/Zn SOD) was performed by reacting with anti-Cu/Zn SOD

antibody and visualized by the ECL method. Quantitative
analysis of HSP60 or Cu/Zn SOD expression was determined
by image-densitometry analysis and the ratio of individual
HSP60/actin or Cu/Zn SOD/actin calculated. Data represent
the mean� SD of three separate cultures expressed as percen-
tage of controls. The symbol * indicates significant different
means compared with the controls and the symbol # indicates
significant different means compared with the ATP-stimulated
HSP60 expression with P<0.05 by non-paired Student’s t-test.
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analysis. As shown in Figure 5B, the autoradio-
graph and statistic analysis revealed that ATP
did not affect the levels of Prx II. Thus, we
concluded, ATP induced pI shift of Prx II.

Prx II is an important antioxidant in control-
ling H2O2 levels and maintaining normal func-
tions of cells. To elucidate whether ATP might
stimulate endogenous H2O2 production and
induce pI shift of Prx II, RBA-2 cells were
treated with exogenous H2O2 (100 mM, 1h). As
shown in Figure 5C, H2O2 stimulated a similar
pI shift of Prx II in these cells. To confirm that
addition of exogenous H2O2 resulted in an
increase in the endogenous H2O2, intracellular
H2O2 concentrations were measured. As shown
inFigure 5D, treatment of cellswith 50–200 mM
exogenousH2O2 resulted in a threefold increase
in intracellular H2O2 concentrations as com-
pared with the controls. ATP and exogenous
H2O2 both induced a pI shift of Prx II, from
oxidized form (pI 5.20) shifting to reduced form

(pI 4.98). Therefore, ATP might stimulate the
production of endogenous H2O2 and Prx II
might serve as an important enzyme to protect
RBA-2 astrocytes from oxidative stress responses.

Prolonged ATP Treatment Decreased
Cellular Viability and Induced Apoptosis

of RBA-2 Astrocytes

To elucidate whether prolonged ATP treat-
ment affect viability of RBA-2 astrocytes, we
conducted MTT, nuclei condensation and DNA
fragmentation assays of these cells. As shown
on Figure 6A, treatment of cells with 1mMATP
or50mMBzATP for 4 to 8hdecreasedviability of
the cells by 20% and prolonging the treatment
further decreased the viabilities of these cells.
And 50% of cells remained viable when cells
were treated with ATP (1 mM) for 24 h. Never-
theless, only 20% of the cells remained viable
when cells were treated with BzATP (50 mM)
for 24 h. In addition, treatment of cells with

Fig. 4. ATP decreased mitochondria membrane potential of
RBA-2 type-2 astrocytes.Histogramsof flowcytometrymeasured
mitochondrial membrane potential of RBA-2 astrocytes treated
with (A)ATP (1mM) or (B)BzATP (50 mM) for 0–720min.C: The
time-dependent statistical analysis of ATP- and BzATP-stimu-
lated mitochondria membrane potential. RBA-2 cells were
treated with ATP (1 mM) or BzATP (50 mM) for 0–720 min,
scraped and loaded with fluorescent dye rhodamine123 to
measure the mitochondria membrane potential. The fluores-

cence of the cells was thenmeasured by FACS. Forward and side
scatters were used to establish size gates and exclude cellular
debris from the analysis. The excitation wavelength was set at
488 nm. The observation wavelength is set at 585 nm for red
fluorescence. The emitted fluorescence was collected on FL1
channel, respectively. Ten thousand (1�104) RBA-2 cells per
sample were analyzed. [Color figure can be viewed in the online
issue, which is available at www.interscience.wiley.com.]
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0.5�3 mM ATP or 50–500 mM BzATP for 12 h
induced a dose-dependent decrease in the cel-
lular viability (Fig. 6B).
To delineate whether the PKC and PLD inhi-

bitors usedmight affect the viability of the cells,
we conduct MTT assay on these cells. As shown
in Figure 6C, treating the cells with 1 mM of
neomycin,GF109203, chelerythrine chloride, or
D609 for 24 h did not affect cellular viabilities of
RBA-2 astrocytes.
To elucidate prolonged ATP treatment induc-

ed apoptosis of these cells, nuclei condensation,
and DNA fragmentation assays were per-
formed. As shown in Figure 7A,B, treatment of
RBA-2 astrocytes with ATP or BzATP for �8 h
did not cause nuclei condensation or DNA frag-
mentation of these cells. However, prolonged
ATP treatment (�24 h) induced a very obvious
nuclei condensation (Fig. 7A) and DNA frag-
mentation (Fig. 7B) of RBA-2 astrocytes.

DISCUSSION

Our recent studyhas shown that high concen-
tration of extracellular ATP (1 mM) activated
P2X7 receptors and stimulated cytokine, TGF-
b1, expression of RBA-2 astrocytes [Wang et al.,
2003]. Because high concentration of extracel-
lular ATP (1 mM) would be provided during
pathological condition in the brain [Dubyak and
El-Moatassim, 1993], the cytokine induction
might result from stressful insults, and HSPs
or stress proteins were expressed in response
to a wide variety of stressful stimulation, thus,
in the present study we correlated the ATP
stimulation with stress protein expression in
RBA-2 astrocytes.

In the present study, 1 mM ATP stimulated
HSP60 expression and antioxidants, resveratrol,
and catalase, effectively inhibited the response,
and also stimulated the expression of Cu/Zn

Fig. 5. RBA-2 astrocytes express peroxiredoxin II (Prx II), and
ATP and H2O2 treatment stimulate pI shift of Prx II. A: The
commassie blue-stained 2D-PAGE analysis of cytosolic proteins
of RBA-2 astrocytes cultured in the presence or the absence of
ATP (1 mM, 16 h). The two protein spots A (22 kDa, observed
pI¼4.98) and B (22 kDa, observed pI¼5.20) indicated by
arrows were excised, destained, eluted, proteolytically digested,
microsequencing analyzed, and proteins identified by quadruple
time-of-flight mass spectrometry (Q-TOF-MS). Both proteins are
Prx II. Protein A is the reduced form Prx II and B is the oxidized
form Prx II. B: Effect of ATP (1 mM, 0–12 h) on Prx II expression
was performed by Western-blot analysis using anti-Prx II
antibody and visualized by the ECL method. Quantitative
analysis of Prx II was determined by image-densitometry analysis

and the ratio of individual Prx II/actin calculated. The bar graphs
are percentage of control of the ratio of Prx II/actin from three
determinations. C: The commassie blue-stained two-dimen-
sional gel electrophoresis analysis of cytosolic proteins of RBA-2
astrocytes cultured in the presence or the absence (control) of
exogenous H2O2 (100 mM, 1 h). Arrows indicated reduced and
oxidized forms of Prx II as described in (A).D: Intracellular H2O2

analysis of cells treated with exogenous H2O2 (1 h, 0–200 mM).
RBA-2 cells were loaded with DCFHDA and intracellular H2O2

measured by FACS. The symbol ** indicates significant different
means with P< 0.01 compared with the no H2O2 treated
controls calculated by non-paired Student’s t-test. [Color figure
can be viewed in the online issue, which is available at
www.interscience.wiley.com.]
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Fig. 6. ATP and BzATP but not the inhibitors decreased cellular
viabilities. RBA-2 astrocytes were subcultured on 96-well plates
for 2 days in culturemedia and then treatedwith (A) 1mMATPor
50 mMBzATP for 0–24 h, (B) 0–3 mMATP or 0–500 mMBzATP
for 12 h, and (C) 1 mMof various inhibitors, Neo (neomycin), GF

(GF109203X), CL (chelerythrine chloride), and D609, for 24 h in
F10 media supplemented with 1% FCS. MTT assays perform as
described in the Materials and Methods. Data are means� SD
from three determinations using separate cultures and statistic
analysis are performed by non-paired Student’s t-test.

Fig. 7. ProlongedATPandBzATP treatment inducedcell death.
A: RBA-2 astrocytes were subcultured on coverglasses for 2 days
and then cultured in F10 media containing 1% FBS in the
presence or the absence (control) of 1 mM ATP for 8–24 h.
Cells were then fixed with 4% paraformaldehyde and subse-
quently stained with Hoechst 33258. Photomicrographs were
taken by a Nikon fluorescent microscope. B: RBA-2 astrocytes
were cultured on 100 mm dishes for 2 days and then cultured in

F10 media containing 1% FBS in the presence or the absence
(control) of 1 mM ATP for 0–48 h. DNA extracted, loaded onto
a 1.5% agarose gel and separated by gel electrophoresis. The
separated gel was stained for 1 h in 0.5 mg/ml ethidium bromide
and visualized by UV illumination. [Color figure can be viewed
in the online issue, which is available at www.interscience.
wiley.com.]
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SOD. BecauseHSP60 is amitochondria chaper-
one, we subsequently measured the ATP- and
P2X7 receptor selective agonist BzATP-stimu-
lated mitochondrial membrane potential by
flow cytometry. Our results revealed that both
ATP andBzATPdecreasedmitochondrialmem-
brane potential. These results suggest that
ATP stimulated a stress response of RBA-2
astrocytes.
Treating the cellswith various P2X7 receptor-

associated intracellular signaling inhibitors,
such as PKC inhibitors, chelerythrine and
GF109203X, and PLD inhibitors, neomycin,
and D609, all effectively decreased the ATP-
stimulated HSP60 expression but without af-
fecting cellular viabilities indicating that the
ATP-stimulated HSP60 expression is associat-
ed with activation of P2X7 receptor. Interest-
ingly, chelerythrine (1 mM, 24 h) per se slightly
enhanced HSP60 expression of RBA-2 astro-
cytes. Chelerythrine has been shown to possess
effects other than inhibition of PKC. Lombar-
dini [1995] identified that chelerythrine stimu-
lated the phosphorylation of a mitochondria
protein of retina and cerebral cortex. Recently,
Yamamoto et al. [2001] revealed that cheler-
ythrine rapidly induced apoptosis through
generation of reactive oxygen species (ROS).
Thus, the chelerythrine-stimulated HSP60 ex-
pression might due to its effect onmitochondria
and the generation of ROS.
It is interesting to find that both ATP and

BzATP caused rapid decreases in mitochon-
drial membrane potential. Mitochondria are
the key element in oxidative stress response,
apoptosis, and neurodegeneration [Finkel and
Holbrook, 2000; Giasson et al., 2002]. We also
found that prolonged ATP (1 mM, �24 h)
treatment induced nuclei condensation and
DNA fragmentation in RBA-2 astrocytes. Thus
the mitochondrial dysfunction might be asso-
ciated with the ATP-mediated stress responses.
Similarly, the mitochondrial pathway was
recently identified to be associated with H2O2-
induced apoptotic cell death of oligodendrocytes
[Mronga et al., 2004]. Therefore, production of
reactive oxygen species may play a role in the
ATP-stimulated mitochondrial dysfunction of
these astrocytes.
In the present study, both the two-dimen-

sional gel electrophoresis and the Western-blot
analysis revealed that RBA-2 type-2 astrocytes
expressed abundant Prx II. Earlier researches
showed that Prx IImRNAwasmost abundantly

expressed in rat brain as compared with Prx I,
III, and IV of other tissues [Matsumoto et al.,
1999]. However, immunohistochemical analy-
sis revealed that Prx II is exclusively expressed
in the neuron of human brain sections [Sarafian
et al., 1999]. The exact reason for such a dis-
crepancy in Prx II expression is not known at
this moment. However, differential expression
of various Prx isozymes in glial cells has been
reported. Immunohistochemical analysis found
intense staining of Prx I (MSP23) in oligoden-
drocytes [Nakaso et al., 1999; Mizusawa et al.,
2000] whereas a much less obvious Prx I immu-
nostaining was found in astrocytes [Mizusawa
et al., 2000]. In contrast, Prx I expression was
found in astrocytes with a co-induction of stress
protein, heme oxygenase-1, during subacute
and chronic phase of intracranial hemorrhage of
brain [Nakaso et al., 2000] and action of the
transcription factor Nrf2 at the antioxidant
response element (ARF) upregulated Prx I in
astrocytes [Shih et al., 2003]. The expression of
Prx I of RBA-2 astrocytes is not known at this
moment. RBA-2 astrocyte is a clonal type-2
astrocyte cell line [Sun et al., 1999]. In the brain,
type-2 astrocytes are not as abundant as type-1
astrocytes. Thus it would be difficult to detect
the specific expression of Prx II in type-2 astro-
cytes in brain slices. Further examination of
Prx IandotherPrx family of antioxidantprotein
expression of astrocytes is needed.

In the present study, ATP treatment induced
a pI shift of Prx II but did not alter the levels of
Prx II as revealed by Western-blot analysis.
Furthermore, addition of exogenous H2O2 (50–
200 mM) caused a similar threefold increase in
intracellular H2O2 and 100 mMexogenous H2O2

induced a pI shift from 5.2 to 4.98 of Prx II. In
addition, our results also revealed that 200 mM
exogenous H2O2 caused a drop in the intracel-
lular H2O2 concentrations as compared with
100 mM. Because H2O2 has been shown to be
a cytotoxic agent [Trembovler et al., 2003;
Cardoso et al., 2004; Huang et al., 2004; Ruffels
et al., 2004], thus the dropmight due to a leakage
of the fluorescence from the injured cells.

Similarly, exogenousH2O2 has been shown to
induce a structural modification of Prx. Addi-
tion of 100 mM exogenous H2O2 lowered 0.2–
0.3 pH units of Prx in human umbilical vein
endothelial cells [Mitsumoto et al., 2001]. The
pI shift was due to the rapid scavenging of
peroxides and reduction of redox-sensitive
cysteines by Prx II [Netto et al., 1996; Chevallet
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et al., 2003]. Prx II was first cloned from brain
cDNA [Chae et al., 1994]. Recently the oxidized
enzymewas found to reduce rapidly to its cataly-
tically active thiol form and may act as a new
type of cyclic modification to regulate the
functions of many proteins [Woo et al., 2003].
In addition, recent studies revealed that guid-
ed by the Cys47 residue, which serves as H2O2

sensor, the protein structures of Prx I andPrx II
shifted from peroxidase to chaperone during
oxidative stress and heat shock, and the chaper-
one function enhanced yeast resistance to heat
shock [Jang et al., 2004]. These findings suggest
that Prx II is an important antioxidant that
controls H2O2 levels and maintains the normal
function of cells. Thus, Cu/Zn SOD and Prx II
may play important roles to metabolize the
ATP-stimulated reactive oxygen species and
protect cells under stress condition.
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