(Nakayama et al, 2004). For every section, a negative
control with normal rabbit IgG was processed simultaneously.
Sections were counterstained with hematoxylin and eosin.
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stress caused by hydrogen peroxide

Ihara, Yoshito, Yoshishige Urata, Shinji Goto, and Takahito
Kondo. Role of calreticulin in the sensitivity of myocardiac H9c2
cells to oxidative stress caused by hydrogen peroxide. Am J Physiol
Cell Physiol 290:, C208—C221, 2006. First published August 31,
2003; doi:10.1152/ajpcell.00075.2005.—Calreticulin (CRT), a Ca2*-
binding molecular chaperone in the endoplasmic reticulum, plays a
vital role in cardiac physiology and pathology. Oxidative stress is a
main cause of myocardiac apoptosis in the ischemic heart, but the
function of CRT under oxidative stress is not fully understood. In the
present study, the effect of overexpression of CRT on susceptibility to
apoptosis under oxidative stress was examined using myocardiac
H9¢2 cells transfected with the CRT gene. Under oxidative stress cue
to H>Oa, the CRT-overexpressing cells were highly susceptible to
apoptosis compared with controls. In the overexpressing cells, the
levels of cytoplasmic free Ca?* ([Ca®*];) were significantly increased
by H>O,, whereas in controls, only a slight increase was observed.
The H0»-induced apoptosis was enhanced by the increase in {Ca2+];
caused by thapsigargin in control cells but was suppressed by
BAPTA-AM, a cell-permeable Ca®* chelator in the CRT-overex-
pressing cells, indicating the importance of the level of [Ca%*]; in the
sensitivity to HpOs-induced apoptosis. Suppression of CRT by the
introduction of the antisense ¢cDNA of CRT enhanced cytoprotection
against oxidative stress compared with controls. Furthermore, we
found that the levels of activity of calpain and caspase-12 were
elevated through the regulation of [Ca®*); in the CRT-overexpressing
cells treated with HoO, compared with controls. Thus we conclude
that the level of CRT regulates the sensitivity to apoptosis under
oxidative stress due to H;O, through a change in Ca®* homeostasis
and the regulation of the Ca?*-calpain-caspase-12 pathway in myo-
cardiac cells.

apoptosis; calcium; endoplasmic reticulum

CALRETICULIN (CRT) is a Ca?*-binding molecular chaperone
expressed in the endoplasmic reticulum (ER) of a wide variety
of eukaryotic cells (35). CRT is involved in many biological
processes, including the regulation of Ca?™ homeostasis and
intracellular signaling, glycoprotein folding, cell adhesion,
gene expression, and nuclear transport (17, 23, 35).

CRT is well expressed in the embryonic rat heart, but its
expression is suppressed after birth (21). It has been shown that
CRT is essential for cardiac development in mice (33, 45).
CRT-deficient embryonic cells showed an impaired nuclear
import of nuclear factor of activated T-cell type 3 (NF-AT?3), a
transcription factor, indicating that CRT functions in cardiac
development as a component of the Ca?*/calcineurin/NE-AT/
GATA-4 wanscription pathway (33). On the other hand, CRT-
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transgenic mice experience complete heart block and sudden
death (42). The CRT-dependent cardiac block involves an
impairment of both the L-type Ca>* channel and gap junction
connexins 40 and 43 (Cx40 and Cx43, respectively). Also
observed was a decrease in phosphorylated Cx43 in the CRT-
transgenic heart, suggesting that the functions of protein ki-
nases are altered via the regulation of Ca®* homeostasis. CRT
is also overexpressed in rat cardiomyocytes under pressure
overload cardiac hypertrophy, implying some dysfunction of
cardiomyocytes related to the overexpression (51). Further-
more, in cultured myocardiac H9¢2 cells, overexpression of
CRT after gene transfection promoted apoptosis durin g cardiac
differentiation (24). In that study, the expression of protein
phosphatase 2A (PP2A), a Ser/Thr protein phosphatase, was
involved in altering the regulation of Akt signaling in H9¢2
cells overexpressing CRT via an increase in the cytoplasmic
free Ca®* concentration ([Ca?*],). Recently, we also reported
that Akt signaling is important for cytoprotection against oxi-
dative stress (39) and that a long-term change in [Ca2*}
regulates PP2Ac-o gene transcription via the cAMP response
element, resulting in a change in the activation status of Akt
and leading to altered susceptibility to apoptosis (56). These
studies suggest that CRT plays a vital role in myocardiac
development and function, although the mechanism of this
phenomenon has not been clarified fully.

An increasing body of evidence suggests that apoptosis
plays an important role in cardiac development and disease (9,
12). Apoptosis occurs during reperfusion after ischemia in a
variety of organs, including the heart (4). Oxidative stress with
reactive oxygen species generated during ischemia-reperfusion
injury is implied in the mechanism of cardiac damage (4).
However, the biological significance of CRT expression levels
in cardiomyocytes under oxidative stress has not been revealed
to date.

In the present study, we have investigated the biological role
of CRT using rat myocardiac H9¢2 cells transfected with the
CRT gene. We show that the level of CRT alters the sensitivity
to apoptosis under oxidative stress with H,O, through a change
in Ca®* homeostasis and Ca?*-dependent signaling of the
calpain-caspase-12 pathway in myocardiac cells.

MATERIALS AND METHODS

Materials. Antibodies against CRT, calnexin (CNX), binding pro-
tein (BiP; glucose-regulating protein 78, Grp78), and ER-specific
protein 57 (ERp57)/Grp58 were purchased from Stressgen (Victoria,
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BC, Canada). Antibodies against GAPDH, caspase-12, and caspase-3
were obtained from Chemicon International {Temecula, CA), Mo-
BiTec (Gottingen, Germany), and Cell Signaling Technology (Bev-
tly, MA), respectively. Peroxidase-conjugated secondary antibodies
gainst IgG of rabbit and mouse were purchased from Dako (Glostrup,
Denmark). The other reagents used in the study were all of high grade
and were obtained from Sigma or Wako Pure Chemicals (Osaka,
apan).

Cell lines and culture. H9¢2 cells, a clonal cell line derived from

mbryonic rat heart, were obtained from the American Type Culture
Collection (no. CRI-1446). H9¢2 cells that had been transfected with
he expression vector for mouse CRT ¢DNA were described previ-
usly (24). Two cell lines (CRT-S2 and CRT-S8) expressing high
evels of CRT protein were used in the study. A 0.6-kb restriction
tagment with EcoRI containing the translation initiation site was cut
rom the vector pcDNA3.1/mCRT (24) and inserted in the reverse
rientation into pcDNA3.1 (Invitrogen) to obtain antisense CRT (20).
The antisense cDNA expression vector was also transfected into H9¢2
ells to establish a cell line (CRT-AS) in which the expression of CRT
was suppressed (20). The established cell lines were used between
assages 12 and 18. Cells were cultured in DMEM supplemented with
0% FCS in a humidified atmosphere of 95% air-5% CO; at 37°C. To
nduce oxidative stress, cells were cultured with media containing
different concentrations of HoO4.
Immunoblot analysis. Cultured cells were harvested and lysed in
ysis buffer A (20 mM Tiis-HCl, pH 7.2, 130 mM NaCl, and 1%
Nonidet P-40) including protease inhibitors (in wM: 20 4-amidino-
henylmethanesulfonyl fluoride, 50 pepstatin, and 50 leupeptin). Pro-
ein samples were electrophoresed on 10% SDS-polyacrylamide gels
nder reducing conditions and then transferred onto a nitrocellulose
membrane as described previously (19). The membrane was blocked
with 5% skim milk in Tris-buffered saline (TBS; in mM: 10 Tris-HCI,
H 7.5, and 150 NaCl) and then incubated at 4°C overnight with
rimary antibody in TBS containing 0.05% Tween 20. The blots were
oupled with the peroxidase-conjugated secondary antibodies,
washed, and then developed using the ECL detection kit (Amersham
iosciences) according to the manufacturer’s instructions. The inten-
ity of protein bands was quantified densitometrically, and the value
was estimated relative to that for GAPDH.

Fluorescence microscopy. Cells (50,000/ml) were grown on Lab-

ek chamber slides (Nunc) for 24 h. They were fixed with 4%
araformaldehyde in PBS (pH 7.2) and permeabilized for 10 min with
BS containing 1% Triton X-100. The cells were then blocked with
% BSA in PBS, incubated with the antibody for 1 h, and washed with
BS containing 1% BSA. The immunoreactive primary antibodies
were visualized using FITC-conjugated anti-rabbit immunoglobulins
Cappel). After being washed, the stained cells were mounted in
ectaShield medium. A Zeiss Axioskop2 (Zeiss, Jena, Germany) with
llumination for epifluorescence was used for fluorescence micro-
copic analysis.
Cell viability assay. The viability of cultured cells was evaluated by
performing a 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
romide (MTT) assay as described previously (38). Cells (5,000-
0,000) were placed intc 100 ul of medium per well in 96-well plates
and cultured overnight. After cells were treated with H,O,, 10 pl of
.5% MTT solution was added and the cells were incubated for 4 h.
The reaction was stopped by adding 100 ul of lysis buffer B (20%
DS and 50% N,N-dimethyl formamide, pH 4.7), and then cell
viability was evaluated by measuring the absorbance at 570 nm using
microplate reader.

Lactate dehydrogenase release assay. After HoO» treatment, the
ncubation medium was collected and centrifuged at 10,000 g for 20
min, and the supernatant was stored at 4°C for the lactate dehydro-
enase (LDH) activity assay. In untreated cells, the medium was
removed and the same volume of lysis buffer A was added to the cells.
The cells were lysed by trituration and centrifuged as described above,
nd then the supernatant was used to assay the LDH activity of all
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cells. LDH activity was measured spectrophotometrically using an
LDH assay kit (MTX “LDH"; Kyokuto Pharmaceutical, Tokyo,
Japan) according to the manufacturer’s instructions.

Apoptosis assay. Apoptosis was detected by performing flow cy-
tometry using the terminal deoxynucleotidyltransferase-mediated
dUTP nick-end labeling (TUNEL) method (11) with the ApopTag
Plus fluorescein in situ apoptosis detection kit (Chemicon Interna-
tional) as described previously (56). Morphological changes of nuclei
in apoptotic cells were also characterized using fluorescence micros-
copy. Cells (50,000/ml) were grown on Lab-Tek chamber slides for
24 h. After undergoing HyO» treatment, cells were fixed with 4%
paraformaldehyde in PBS. The cells were stained with 2 pg/ml
Hoechst 33342 (Molecular Probes. Eugene, OR) in PBS for 5 min so
that we could visualize the nuclei. After being rinsed with PBS, the
slides were examined using fluorescence microscopy as described above.

Measurement of cytoplasmic free Ca®*. [Ca®*]; was measured
using a dual-excitation wavelength spectrofluorophotometer (RF-
5500; Shimadzu, Kyoto, Japan) with fura-2 essentially as described
previously (6, 36), but with a slight modification. Briefly, cultured
cells on glass coverslips were loaded with 5 uM fura-2 AM (Dojindo,
Kumamoto, Japan) for 20 min in Earle’s balanced salt solution
(EBSS; in mM: 26 NaHCOs3, pH 7.4, 1 NaH,PO,, 5.4 KCl, 116 NaCl,
5.5 glucose, and 2 CaClp) in the presence of 0.019% Pluronic acid
F-127. After being washed four times with EBSS, the coverglass was
positioned at a 45° angle to both excitation and emission light paths in
a quartz cuvette containing 3.5 ml of fresh EBSS. Fura-2 fluorescence
was determined at 37°C using the spectrofluorophotometer operating
at an emission wavelength of 505 nm and excitation wavelengths of
340 and 380 nm. The maximal signal (Rmax) Was obtained by adding
ionomycin at a 4 pM final concentration. Subsequently, the minimal
signal (Rmin) was obtained by adding EGTA at a 10 mM final
concentration, followed by Tris-free base to a 30 mM final concen-
tration, to increase the pH to 8.3. R is the ratio (IFy/F.) of the
fluorescence of excitation at 340 nm and emission at 505 nm (F,) to
that of excitation at 380 nm and emission at 5305 nm (F»). The actual
[Ca%*] was calculated as Kg X (R — Ruin)/(Rmax — R) X Sf2/Sb2,
with K4 = 224 nM (16). The Sf2-to-Sb2 ratio is the ratio of fura-2
fluorescence at 380 nm in Ca?*-free medium to that in Ca®*-replete
medium.

Assays for uptake and release of Ca®* in the cell. The uptake of
Ca?* was measured radiometrically using the Millipore filtration
technique as described previously (49), with a slight modification. The
cells were caltured with the medium containing H,O, for the periods
indicated and then washed with EBSS and cultured for 10 min in
EBSS containing “*Ca?™ (5 wCi/ml). Cells were detached from the
culture wells using trypsinization buffer (0.25% trypsin and 0.02%
EDTA in EBSS), and the cell suspension was filtered through a
0.45-pm nitrocellulose filter (Bio-Rad Laboratories, Hercules, CA)
under vacuum conditions. The filters were rinsed twice with 0.5 ml of
washing buffer (in mM: 10 HEPES, pH 7.4, 150 KCl, 2 EGTA, and
2.5 MgCly). “*Ca®* uptake was calculated by measuring radioactivity
and standardized according to protein concentrations. For the +*Ca?*
release assay, cells were cultured for 48 h with the medium containing
43Ca%* (1 wCifml). After being washed with EBSS, the cells were
incubated with EBSS containing H,O,. Aliquots were collected at the
time points indicated and centrifuged. The radioactivity was measured
in the supematant as the amount of Ca®" released from the cell.

Enzymme assay. Caspase-12 activity was measured with Ala-Thr-
Ala-Asp-T-amino-4-trifluoromethylcoumarin (AFC) as a substrate by
using a caspase-12 fluorometric assay kit (BioVision, Mountain View,
CA) according to the manufacturer’s protocol. The assay is based on
the detection of cleavage of the substrate, and the activity was
quantified using a spectrofluorophotometer to measure fluorescence
(excitation, 400 nm: emission, 505 nm) derived from free AFC.
Calpain activity was measured using the calpain substrate succinyl-
Leu-Leu-Val-Tyr-7-amino-4-methylcoumarin (Suc-Leu-Leu-Val-Tyr-
AMC) as described by Glading et al. (13), with a slight modification.
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Cultured cells were treated with or without H,O, and/or thapsigargin
and then harvested and washed with EBSS. Cells were resuspended in
EBSS at 2.5 X 10° cells/ml and kept on ice for up to 1 h. In each
sample, 250 pl were added to a 2.5-ml quartz cuvette with stirring and
allowed to warm to 37°C in the spectrofluorophotometer. At time — 1
min, ionomycin in DMSO was added to a final 2.5 xM concentration.
DMSO alone was added as a control. At time 0, Suc-Leu-Leu-Val-
Tyr-AMC was added to a final 50 uM concentration, and fluorescence
(excitation, 360 nm; emission, 460 nm) was measured immediately
for 3 min.

Statistical analysis. Stafistical analysis was performed as previ-
ously recommended (6a) using Student’s #-test or ANOVA (StatView
software). Significance was set at P < .05,

RESULTS

Overexpression of CRT enhances cyfotoxic sensitivity of
H9c2 cells to oxidative stress caused by H;0,. Rat myocardiac
H9¢2 cells were transfected with the expression vector for
mouse CRT ¢DNA fo obtain cell lines overexpressing CRT
(24). Figure 1A shows that the expression of CRT increased in
the overexpressed cells to ~2.7-fold the level in the parental
and mock-transfected (control) H9¢2 cells. The transfection
had no apparent effect on the expression of other ER proteins
such as CNX, BiP, and ERp57. The intracellular localization of
CRT was examined using indirect immunofluorescence. As
shown in Fig. 1B, immunoreactive signals showed a perinu-
clear reticular pattern in all cases, including the control and
CRT-overexpressing cells, although the signal intensity was
increased in the transfectants compared with the control cells.
To investigate the effect of overexpression of CRT on the
cytotoxic sensitivity of H9¢2 cells to oxidative stress, control
and CRT-overexpressing cells were exposed to different con-
centrations of H,O; for 1 h and then cell viability was exam-
ined by performing an MTT assay as described in MATERIALS
AND METHODS. One hour of exposure to HyO, caused cell
damage in a dose-dependent manner, and the cytotoxic effect
was enhanced more in the gene-transfected cells (i.e., CRT-S2
and CRT-S8) than in the controls (i.e., parental and control
vector-transfected cells) (Fig. 24, leff). As shown in Fig. 24,
right, in CRT-overexpressing cells, the cell viability was mark-
edly reduced after 1-h exposure to 50 uM H,0,, although less
reduction was observed in control cells. However, in both
control and gene-transfected cells, viability was similarly sup-
pressed after 4 h of exposure to 50 uM H»0,. Next, control and
CRT-overexpressing cells were exposed to different concen-
rations of H,O, for 2 h, and then the cytotoxic effect of H,O,
was examined by assaying LDH release as described in MATE-
RIALS AND METHODS. Two hours of exposure to H,O, caused cell
damage in a dose-dependent manner, and the cytotoxic effect
was enhanced more in the gene-transfected cells than in the
controls (Fig. 2B, left). In Fig. 2B, right, the cells were treated
with 50 uM H»O, for the periods indicated, and the LDH
cleased into the medium was quantified and expressed as a
atio to the total intracellular LDH content. The LDH release
was enhanced more in the gene-transfected cells than in the
ontrols during the treatment. Figure 2C shows that morpho-
ogical change was observed using phase-contrast microscopy
n control and CRT-overexpressing cells treated with 50 uM
H,0; for 2 h. In gene-transfected cells treated with H,O,, the
ell shape was apparently round and had shrunk along with
ome bleblike structure, although no change was observed in

Y

OXIDATIVE STRESS AND CALRETICULIN IN MYOCARD!

R SN A D AR A Y SN B e T e

C CELLS
A £:98
D b b
@ O 0L
2 >00
55 kDa— men moinm etz |B: Anti-CRT Ab
88 kDa—~ ememeew == |B: Anti-CNX Ab
78 kDa— v e cmas s 1B: Anti-Bif” Ab
57 kDa— & s == |B:; Anti-ERpP57 Ab
37 kDa— b bk IB: Anti-GAPDH Ab
B H9c2-CRT 88

Hg8c2-Vector

IF: Anti-CNX Ab IF: Anti-CRT Ab

IF: Normal IgG

Fig. 1. A: expression levels for calreticulin (CRT), calnexin (CNX), binding
protein (BiP; glucose-regulating protein 78, Grp78), ERpS57/Gip38, and
GAPDH were estimated in control (parental and vector) and CRT gene-
transfected H9c2 (CRT-52 and CRT-S8) cells using immunoblot analysis with
specific antibodies (Ab) as described in MATERIALS AND METHODS. Data
represent 3 independent experiments. B: intracellular localization of CRT and
CNX was evaluated in control and CRT gene-transfected H9¢2 cells using
indirect immunofluorescence (IF) microscopy with specific antibodies. Back-
ground signals were obtained in cells stained with normal rabbit IgG. Data
represent 3 independent experiments. Bar, 10 wm.

control cells treated with HpO,. Collectively, these results
indicate that overexpression of CRT enhances the cytotoxic
sensitivity to oxidative stress caused by H,O, in myocardiac
HO9¢2 cells.

Overexpression of CRT enhances apoptosis of H9c2 cells
under oxidative stress due to H,0, To examine whether
apoptosis contributed to the cell damage observed in the
transfectants under oxidative stress, a TUNEL assay was per-
formed using cells treated with H,O,. In the study by Turner et
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al. (52), maximal fragmentation of DNA was observed in H9¢2 TUNEL assay (Fig. 3A) showed that an increase in fluores-
cells treated with 250 pM H,O, for 4 h. We compared the cence intensity derived from DNA strand breaks in the
extent of DNA strand breaks between control and gene-trans-  transfectants but not in the control cells after H,05 treat-
fected cells treated with 50 uM H,0, for 1 and 4 h. The ment. After the nucleus was stained with Hoechst 33342

A - Y2 —@—  HOc2-CRT-52
—3—  H9c2-Vector —@&—  HOc2-CRT-58
100 100

924
<
:

60+

40-

20~

Celi viability (% of controls)
Cell viability (% of controls)

o ) 3 ) L4 1
0 20 40 60 80 100
H202 (uM)

LDH release (% of total cells}
LDH release (% of total cells)

0 20 40 60 80 10
H202 (uM)

Control

O

None

+ H202

Fig. 2. Overexpression of CRT promotes cell damage in
H9c2 cells under oxidative stress due to HaO,. A: control
(H9¢2 and H9c2-Vector) and CRT gene-transfected
(H9c2-CRT-82 and H9c2-CRT-88) cells were exposed
to different concentrations of HaOz for 1 h, and then cell
viability was examined by performing a 3-(4,5-dimeth-
ylthiazol-2-y1)-2,5-diphenyltetrazolium bromide (MTT)
assay as described in MATERIALS AND METHODS (leff).
Cells were exposed to 50 uM HzO2 for the periods
indicated, and then cell viability was examined by per-
forming an MTT assay (right). Each value represents the
mean * SD of 4-6 independent experiments. Statistical
analysis was performed using a factorial ANOVA test.
¥P < 0.05, #P < 0.05 vs. value at same .0, concen-
tration (leff) or time point (right) for H9¢2 cells treated
with HyO,. B: control and CRT gene-transfected cells
were exposed to different concentrations of HyO, for
2 h, and then cell damage was examined by performing
a lactate dehydrogenase (LDH) release assay as de-
scribed in MATERIALS AND METHODS (leff). Cells were
treated with 50 WM H,O; for the periods indicated, and
the LDH released in the medium was quantified as
described in MATERIALS AND METHODS and expressed as
a percentage of total intracellular LDH content (right).
Each value represents the mean = SD of 4-6 indepen-
dent experiments. *P < 0.03, #P < 0.05 vs. value at
same HyO, concentration (left) or time point (right) as
H9c2 cells treated with H204. C: control (H9¢2-Vector),
CRT gene-transfected (H9c2-CRT-S8) cells were ex-
posed to 50 pM HaO: for 2 h, and then cell morphology
was examined using phase-contrast microscopy. Bar, 10
jum.

AJP-Cell Physiol - VOL 290 « JANUARY 2006 » www.ajpcell.org

9002 ‘21 uyoiel uo BioABojoisAyd-|jeodfe wolj papeojumoq




None
HoOeforth
HeOzfor 4 b

FL1-H

10t

B Control

None

+ H202

| Fig. 3. Overexpression of CRT promotes apoptosis in H9¢2 cells under
xidative stress due to HoOs. A: terminal deoxynucleotidyltransferase-medi-
ted dUTP nick-end labeling (TUNEL) assay was performed for control (top)
and gene-transfected (botrom) H9¢2 cells under, oxidative stress caused by
HoO2 DNA strand breaks were detected using the TUNEL method as de-
| scribed in MATERIALS AND METHODS. Cells were treated with 50 M H20; for
the periods indicated. Data represent 3 independent experiments. B: morpho-
ogical changes to nuclei were characterized in Hoechst-stained cells using a
fluorescence microscope. Control and gene-transfected cells (50,000/mi) were
grown on Lab-Tek chamber slides for 24 h and then treated with 50 wM Ha0»
for 2 h. After being fixated with 4% paraformaldehyde in PRS, cells were
stained with Hoechst 33342 and then visualized using fluorescence microscopy
as described in MATERIALS AND METHODS. Bar, 10 pum.

(Fig. 3B), chromatin condensation and nuclear fragmenta-
tion were observed in the gene-transfected cells treated with
H,0,, but not in the control cells treated with H,O,. Alto-
gether, these results indicate that overexpression of CRT sig-
nificantly enhances apoptosis in H9¢2 cells under oxidative
stress caused by H,0;.

Overexpression of CRT increases [Ca’™], in H9¢2 cells
under oxidative stress due to H;0,. To investigate whether the
intracellular Ca?* homeostasis was affected in the cells under
oxidative stress, we measured [Ca®*}; after H,0O» treatment (50
or 75 pM). To observe the effect of extracellular Ca2* on

o p A B s
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[Ca?*];, we treated the cells with H>0; in the presence of 2
mM Ca?* (+Ca?™) or 10 mM EGTA (+EGTA). The mea-
surement was based on the fluorescence intensity of cells
loaded with fura-2 AM as described in MATERIALS AND METHODS.
Figure 4 shows that in the presence of extracellular Ca2*
(+Ca?*), control cells demonstrated no change in [Ca*];
level during treatment with 50 pM H,0,, but CRT-overex-
pressing cells increased to 180 nM after 35 min of treatment.
Moreover, with 75 uM H,0, treatment, the difference in the
[Ca?*]; increase was greater. On the other hand, in the absence
of extracellular Ca®* (+EGTA), the H,O,-induced [Ca’*);
increase was not observed even in the CRT-overexpressing
cells, suggesting that the increase was dependent on the influx
of Ca%* from the extracellular space. Altogether, the results
indicate that [Ca®*]; was apparently increased by oxidative
stress due to H>Os in CRT-overexpressing cells compared with
controls, suggesting some modification of cellular Ca®* ho-
meostasis occurred because of CRT overexpression.
Alteration of Ca®™ flux in CRT-overexpressing H9¢2 cells
under oxidative stress. To investigate the effect of overexpres-
sion of CRT on Ca?™ influx in cells under oxidative stress, we
examined the **Ca®>™ uptake in control and CRT gene-trans-

—{3— H20275 uM

~ CRT-58
T ~-0-- H202 50 uM
Caz+
+a —O— H202 75 pM
— Control
~0O- - H202 50 uM
[~ CRT-S8 —&— H20275uM
+ EGTA
L. Control —&— H20275 uM
600
; 4l
500 A
% 400 -
'&T 300 -
3]
O 200
100 -

Time (min)

Fig. 4. Cytoplasmic free Ca?* concentration ([Ca?*};) increases in CRT-
overexpressing H9¢2 cells under oxidative stress due to H20,. After being
loaded with 5 WM fura-2 AM, control and gene-transfected cells cultured on
glass coverslips were weated with H,O» (50 or 75 uM) for the periods
indicated. [Ca®"); was quantified by measuring fura-2 fluorescence as de-
scribed in MATERIALS AND METHODS. To observe the effect of extracellular
Ca®* on [Ca?*];, we treated the cells with H,O, in the presence of 2 mM Ca>*
(+Ca?*) or 10 mM EGTA (+EGTA). Each value represents the mean + SD
of 4 independent experiments. Statistical analysis was performed using a
factorial ANOVA test. *P < 0.05 vs. value at same time point for control cells
(Ca?*) treated with 50 uM HaOo. #P < 0.05 vs. value at same time point for
control cells (Ca®*) treated with 75 pM Hy0,.
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Fig. 5. A: uptake of Ca®* in CRT-overexpressing H9c2 cells under oxidative stress due to Ha0Oa. The cells were cultured with the medium containing 75 pM
HzO, for the indicated periods, washed with Earle’s balanced salt solution (EBSS), and then cultured for 10 min in EBSS containing 4*Ca®* (5 uCi/ml) as
described in MATERIALS AND METHODS. After being washed with EBSS, the cells were harvested and **Ca®* uptake was measured as described in MATERIALS AND
METHODS. Each value represents mean + SD of 3 independent experiments. Statistical analysis was performed using a factorial ANOVA test. #*P < 0.05 compared
with value at same time point for control cells treated with 75 M Hz0a. B: release of Ca®* from CRT-overexpressing H9¢2 cells under oxidative stress due
to Ho0s. Cells were cultured for 48 h with *Ca®* as described in MATERIALS AND METHODS. After being washed with EBSS, the cells were incubated with EBSS
containing 75 pM H,0,. Aliquots were collected at the time points indicated and then centrifuged. Radioactivity was measured in the supernatant as the amount
of Ca®* released from the cell. Each value represents mean = SD of counts per minute (cpm) recovered in the supernatant normalized to the protein in the total
cell pellets. P < 0.05 vs. same time point for CRT-S8 cells treated without HyOa. C: effect of Ca®* modulators on [Ca2*]; in CRT-overexpressing H9c2 cells
under oxidative stress with HaO2. After being loaded with 5 pM fura-2 AM, control and gene-transfected cells cultured on glass coverslips were pretreated with
various modulators containing Ni** (5§ mM), FCCP (1 uM), ryanodine (100 pM), thapsigargin (5 M), and xestospongin C (1 pM) and then were treated with
Ho02 (75 uM) for 30 min. [Ca®*); was quantified by measuring fura-2 fluorescence as described in MATERIALS AND METHODS. Bach value represents mean *
SD of 3 independent experiments. *P < 0.05 vs. corresponding control cells treated without H2O». #P << 0.05 vs. untreated control cells (None). **P < 0.05
vs. corresponding CRT-S8 cells treated without HaO,. ##P < 0.05 vs. untreated CRT-S8 cells (None).

fected cells during treatment with 75 pM H»0; as described in - H,O, as described in MATERIALS AND METHODS. After being
MATERIALS AND METHODS. As shown in Fig. 54, in both control labeled with *Ca®", the cells were treated with H,0, and the
and gene-transfected cells, the rate of 43Ca®* uptake was amount of **Ca®* released was measured as described in
suppressed within the first 30 min and then increased during MATBRIALS AND METHODS. As shown in Fig. 5B, although the
oxidative stress. The uptake rate was higher in the control than  amount of **Ca®* released did not differ between untreated
n the gene-transfected cells after 40 min. Next, to investigate  control and gene-transfected cells, the release was increased in
the effect of overexpression of CRT on Ca®* efflux in the cell  gene-transfected cells compared with controls after 30-min
under oxidative stress, we examined the *°Ca’* release in  treatment with H,O,. Collectively, in CRT-overexpressing

control and gene-transfected cells during treatment with 75 uM  cells, Ca?* influx seemed to be suppressed and the efflux was
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ncreased in the cells under oxidative stress caused by H,0,
ompared with control cells treated with H,O,. Although these
esults were not consistent with the finding that [Ca2*]; was
ighly elevated in gene-transfected cells treated with H,O,
Fig. 4), they also suggested that an alteration of responses in
he intracellular Ca** stores might lead to increased [Ca2*]; in
RT-overexpressing cells.

Effect of Ca®* modulators on [Ca®*]; in CRT gene-trans-
ected H9c2 cells under oxidative stress due to H»0, To
wvestigate whether intracellular Ca%™ pools contribute to the
ltered Ca®* homeostasis, we examined the effect of Ca2*
odulators on [Ca**]; in cells treated with H,O, (Fig. 5C).
i** (5 mM) was used to block Ca2* influx from the extra-
| cellular space via Ca** channels and Na*/K* exchangers in
he plasma membrane (26, 27). FCCP (1 uM) is a mitochon-
ial uncoupler that collapses the mitochondrial membrane
otential that drives Ca®* uptake into mitochondria (5). A high
concentration of ryanodine (100 uM) was used as an antago-
nist for the ryanodine receptor (55). Thapsigargin (5 pM) was
used to inhibit the function of sarco(endo)plasmic reticulum
Ca**-ATPase (SERCA) to block the uptake of Ca?* into the
ER/sarcoplasmic reticulum (SR) (50). Xestospongin C (1 uM)
is a cell-permeable inhibitor of the inositol 1,4,5-trisphosphate
(IPs) receptor (10). The cells were treated with each Ca2*
modulator for 10 min after being loaded with fura-2 AM and
then were incubated with 75 M H, 0, for 30 min, and [Ca?™];
was measured as described in MATERIALS AND METHODS. The
uptake of Ca®™ into mitochondria and the ER was disrupted by
treatment with FCCP and thapsigargin, respectively. In control
cells, FCCP did not enhance the HyO,-induced increase of
[Ca**];. In CRT-overexpressing cells, [Ca2*]; was similarly
increased by H,O, both cases, with and without FCCP. These
results indicate no influence of FCCP on the H,O»-induced
change of [Ca®*]; in control and CRT-overexpressing cells.
This finding also suggests that the enhancement of HyQ,-
induced increase of [Ca®*}; observed in CRT-overexpressing
cells may not be explained solely by dysfunction of mitochon-
drial Ca®* uptake. In contrast, the H,O,-induced increase in
[Ca*); was apparently enhanced in control cells treated with
thapsigargin. This indicates that the thapsigargin-sensitive pool
(ie., ER) is involved in the enhancement of H,0,-induced
increase of [Ca?"]; and also suggests that dysfunction of
SERCA may have a promoting effect on the H,O,-induced
increase of [Ca>*];. The ryanodine and IP; receptors may be
involved in the increase in [Ca®*}; in response to H,Os.
However, high concentrations of ryanodine and xestospongin
C did not suppress the increase in [Ca®* J; in CRT-overexpress-
ing cells treated with H>O,, suggesting that the ryanodine and
IP3 receptors were not necessarily the main sources of the
H,Os-induced increase of [Ca’*); in CRT-overexpressing
cells. Furthermore, it was noteworthy that the H,O,-induced
increase of [Ca®*); was clearly suppressed by Ni* in gene-
transfected cells. This finding is also consistent with the result
that the increase was inhibited in gene-transfected cells in the
absence of extracellular Ca?* (Fig. 4). These findings indicate
that the influx of Ca" from the extracellular space is important
for the H>O»-induced increase of [Ca**]; in CRT-overexpress-
ing cells, despite the fact that the rate of influx was not
increased in the gene-transfected cells treated with H,O- (Fig.
5A). Altogether, these results indicate that the ER-stored Ca2*
pool plays an important role in the enhancement of the H,0O,-
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induced increase of [Ca®™); in CRT-overexpressing cells, al-
though Ca®* influx from the extracellular space was also an
important contributor to the increase.

[Ca®*]; level is implicated in the susceptibility of H9¢2 cells
lo apoptosis under oxidative stress due to H,O». To determine
whether the increase in [Ca®™]; is part of the causative mech-
anism of apoptosis in the gene-transfected cells, H20s-depen-
dent cytotoxicity was examined in CRT-overexpressing cells in
the presence or absence of BAPTA-AM, a cell-permeable
Ca®* chelator. As shown in Fig. 64, fop, cell viability was
assessed by performing an MTT assay in gene-transfected cells
exposed to HyO, treatment (50 uM for 2 h) in the absence or
presence of BAPTA-AM (10 uM). The viability was sup-
pressed by HaO5 to 28.0 = 3.49% of that in untreated cells in the
absence of BAPTA-AM but returned to 50.5 * 6.5% in its
presence. As shown in Fig. 64, bottom, cell damage was also
assessed by performing a LDH release assay in gene-trans-
fected cells exposed to H,O, treatment (50 uM for 2 h) in the
absence or presence of BAPTA-AM. The release was in-
creased by HaOs to 22.0 + 5.4% that of untreated cells in the
absence of BAPTA-AM but was remitted to 4.7 + 2.5% in its
presence. These results suggest that BAPTA-AM mitigates cell
damage due to H,0, by suppressing the increase of [Ca®"],.
The effect of BAPTA-AM on apoptosis was also examined
using the TUNEL method in the gene-transfected cells after
H,O; treatment (Fig. 6B). In the absence of BAPTA-AM,
TUNEL-positive cells increased after treatment with 50 puM
HyO, for 2 h but were not detected in the presence of
BAPTA-AM even 2 h after treatmment with H,O,. Conversely,
the effect of an [Ca®*]; increase on H,Oy-induced apoptosis
was examined in control H9¢2 cells in the absence or presence
of thapsigargin (5 uM), an inhibitor for SERCA (50). As
shown in Fig. 6C, top, cell viability was suppressed by H,O,
(50 puM for 2 h) to 60.0 & 4.4% of that in untreated cells in the
absence of thapsigargin but was suppressed to 17.1 * 4.6% in
its presence. In Fig. 6C, bottom, cell damage was assessed by
performing a LDH release assay in control cells exposed to
Hz0, treatment (50 uM for 2 h) in the absence or presence of
thapsigargin. The release was slightly increased by HyO, to
7.5 £ 2.2% that of untreated cells in the absence of thapsigar-
gin but was enhanced to 32.7 = 2.5% in its presence. Further-
more, the effect of thapsigargin on apoptosis was examined
using the TUNEL method in control cells with H,O, treatment
(Fig. 6D). In the presence of thapsigargin, TUNEL-positive
cells increased in number after exposure to 50 uM H,0Q, for
2 h, whereas in its absence, no increase was observed. These
results suggest that thapsigargin enhances apoptosis caused by
H>0, treatment by increasing the [Ca®™]; level. This finding
was also consistent with our recently reported results (56).
Altogether, these results indicate that the increase in [Ca2*}
plays a causative role in the apoptosis of CRT-overexpressing
cells under oxidative stress caused by H,0,.

Suppression of CRT expression by transfection with anti-
sense CRT gene enhances cytoprotection of H9¢2 cells against
oxidative stress due to H;O,. To confirm whether the expres-
sion level of CRT influences susceptibility to oxidant-induced
apoptosis in H9¢2 cells, we transfected the cells with the
antisense CRT gene expression vector and a cell line (CRT-AS)
in which CRT expression was suppressed to a level lower than
that in controls as described in MATERIALS AND METHODS (20).
The expression level of CRT was compared with that in control
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Fig. 6. Effect of Ca®* modulators on apop-
tosis due to oxidative stress caused by H,0a.
A: CRT-overexpressing (CRT-S8) cells were
cultured in the presence or absence of 10
M BAPTA-AM during the H,O, treat-
ment The cells were exposed to 50 pM
H202 for 2 h and then cell viability was
examined by performing an MTT assay as
described in MATERIALS AND METHODS. Each
value represents the mean * SD of 4 inde-
pendent experiments. Statistical analysis
was performed using a paired Student’s #-
test. ¥*P < 0.05, **P < 0.01 vs. CRT-S8
cells treated with HyO» without BAPTA-
AM. B: TUNEL assay for CRT-overexpress-
ing cells treated with or without BAPTA-AM
and/or H20,. Cells were cultured in the pres-
ence or absence of 10 wM BAPTA-AM
during the H;O» treatment. Thin line, no
H,02 for 2 h; thick line, 50 M H,O, for
2 h. DNA strand breaks were detected using
the TUNEL method as described in MATERI-
ALS AND METHODS. Data represent 3 indepen-
dent experiments. C: control cells were cul-
tured in the presence or absence of 5 pM
thapsigargin during the HzO; treatment.
Cells were exposed to 50 uM HyO5 for 2 h,
and then cell viability was examined by
performing an MTT assay as described in
MATERIALS AND METHODS. Each value repre-
sents the mean = SD of 4 independent
experiments. #P << 0.01 vs. control cells
treated with H»O, without thapsigargin. D:
TUNEL assay for control cells treated with
or without thapsigargin and/or HyO». Cells
were cultured in the presence or absence of 5
wM thapsigargin during H,O, treatment.
Thin line, no HyO3 for 2 h; thick line, 50 uM
HaO3 for 2 h. DNA double-stranded breaks
were detected using the TUNEL method as
described in MATERIALS AND METHODS. Data
represent 4 independent experiments.
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Fig. 7. Suppression of CRT expression showing cyto-
protective effects in H9¢2 cells under oxidative stress.
To observe the effect of the suppressed expression of
CRT on cytotoxicity under conditions of oxidative
stress. we introduced the antisense gene for CRT into
H92 cells to obtain cells underexpressing CRT as
described in MATERIALS AND METHODS. A: expression
evels of CRT, CNX, BiP, and GAPDH were examined
in control, CRT-overexpressing (CRT-88), and CRT-
underexpressing (CRT-AS) cells using immunoblot
analysis with specific antibodies. Data represent 4 inde-
pendent experiments. B: control, CRT-overexpressing,
and CRT-underexpressing cells were exposed to differ-
nt concentrations of HoO» for 1 h, and then cell
viability was examined by performing an MTT assay as
escribed in MATERIALS AND METHODS. Each value rep-
esents mean = SD of 4 independent experiments.
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and CRT-overexpressing cells by immunoblot analysis, and the
results showed that the expression level was decreased to
~30% of the control level (Fig. 7A). Figure 7B shows that
control, CRT-overexpressing, and CRT-underexpressing cells
were exposed to different concentrations of H,O, for 1 h, and
then cell viability was examined by performing an MTT assay
as described in MATERIALS AND METHODS. The results showed
that cell viability was well maintained in CRT-underexpressing
cells treated with HzO, compared with the decreased viability
in control and CRT-overexpressing cells. As shown in Fig. 7C,
control, CRT-overexpressing, and CRT-underexpressing cells
were exposed to 50 uM H30, for 4 h, and then the cytotoxic
effect of H,O2 was also examined by assaying LDH release as
described in MATERIALS AND METHODS. The results showed that
the LDH release was suppressed more in CRT-underexpressing
cells than in controls during the treatment, although the release
was apparently increased in CRT-overexpressing cells. Alto-
gether, the results show that suppression of CRT apparently
enhanced cytoprotection against oxidative stress compared
with controls, although overexpression of CRT increased the
susceptibility to HyO,-induced cytotoxicity. This observation
indicates that the expression level of CRT is a key factor in
determining the susceptibility to H,Os-induced apoptosis in
HO9c2 cells. As shown in Fig. 7D, [Ca?"); was measured in

None

o L—E
H202 None

Ha02
(50 M 4 h) ¥

{75 uM 30 min)

control, CRT-overexpressing, and CRT-underexpressing cells
after HyO, treatment (75 pM) for 30 min. After the treatment
with HyO,, the [Ca®*]; increase was apparently suppressed in
CRT-underexpressing cells compared with the increase in
control and CRT-overexpressing cells. Collectively, the results
indicate that the HyO»-induced [Ca®*]; increase is influenced
by the expression level of CRT in the cell.

Overexpression of CRT enhances processing and activation
of caspase-12 through activation of calpain in H9c2 cells
under oxidative stress due to H,O,. To further investigate the
mechanism of the CRT-dependent enhancement of apoptosis
through the alteration of Ca?* homeostasis, we focused on
caspase-12, which is activated by calpain, a Ca?*-dependent
cysteine protease, in ER stress-induced apoptosis (40). As
shown in Fig. 8A, the expression levels of caspase-12 and
caspase-3 and ER stress-related chaperones were examined
using immunoblot analysis in control and CRT-overexpressing
cells treated with 75 uM H»0,. In control cells, a pro-caspase
form of caspase-12 (55 kDa) showed no change after 1 h of
treatment with H,O, but was diminished after 2 h of treatment.
The level of 35-kDa proteolytic fragment of caspase-12 grad-
ually increased during the 2-h treatment. In CRT-overexpress-
ing cells, the level of the 55-kDa pro-caspase form was low and
that of the 35-kDa fragment was rather high even under
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Fig. 8. The calpain-caspase-12 pathway is activated in CRT-overexpressing H9¢2 cells under oxidative stress. A: control and CRT-overexpressing (CRT-S8)
cells were exposed to 75 pM H0, for 1 and 2 h or to 75 uM H,0; and 5 wM thapsigargin for 1 h, and then the expression levels of caspase-12 and caspase-3,
CNX, BiP, and CRT were examined using cell lysates by performing immunoblot analysis with specific antibodies. Data represent 3 independent experiments.
B: cells were exposed to 75 pM HxO2 andfor 5 pM thapsigargin for 1 h. Activity of caspase-12 was assayed with cell lysates using the substrate
Ala-Thr-Ala-Asp-7-amino-4-trifiucromethylcoumarin (AFC) as described in MATERIALS AND METHODS. Each value represents the mean * SD of 3 independent
experiments. Statistical analysis was performed using a factorial ANOVA test. *P < 0.05 vs. untreated control cells. ¥#P <C 0.05 vs. control cells treated with
HoO,. #P < 0.05 vs. untreated CRT-S8 cells. NS, not significant vs. untreated control cells. C: cells were exposed to 75 pM H,0; and/or 5 M thapsigargin
for 1 h. Activity of calpain was assayed using the calpain substrate succinyl-Leu-Leu-Val-Tyr-7-amino-4-methylcoumarin (Suc-Leu-Leu-Val-Tyr-AMC) as
described in MATERIALS AND METHODS. Each value represents mean * SD of 3 independent experiments. *P < 0.03 vs. untreated control cells. P < 0.05 vs.
control cells treated with HoOa. #P < 0.05 vs. untreated CRT-S8 cells. D: CRT-overexpressing (CRT-S8) cells were treated for 1 h with or without 75 pM HO,
in the presence or absence of 50 M N-acetyl-leucyl-leucyl-norleucinal (ALLN) or 10 pM BAPTA-AM, and then the expression levels of caspase-12, caspase-3,
CNX, BiP, and CRT were examined using cell lysates by performing immunoblot analysis with specific antibodies. Data represent 3 independent experiments.

1

nonstressed conditions. During treatment with H,0;, the 55-
kDa band gradually decreased in intensity. On the other hand,
the strength of the 35-kDa band was slightly increased after 1 h
of treatment with HyO, but was diminished after 2 h of
treatment, suggesting enhanced proteolytic processing of the
fragment in CRT-overexpressing cells treated with H,O,. The
evel of the 40-kDa band did not show significant change in
control and CRT-overexpressing cells during treatment. These

results indicate that proteolytic processing or degradation of
caspase-12 was more accelerated in CRT-overexpressing cells
than in control cells after treatment with H,O,. HoO»-induced
processing also seemed to be enhanced by thapsigargin in both
control and CRT-overexpressing cells. In the case of caspase-3,
although the proteolytic cleavage was observed in control and
CRT-overexpressing cells under stress due to HyO,, proteoly-
sis was relatively accelerated in CRT-overexpressing cells
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compared with controls. These resuits indicate that proteolytic
processing or degradation of caspase-12 and caspase-3 is
apparently accelerated in CRT-overexpressing cells under
stress caused by HOs. In contrast, no significant change in the
expression levels of ER chaperones such as CNX, BiP, and
CRT seemed to be induced by H,0,. Next, to investigate the
relationship between proteolytic processing and the activity of
caspase-12, we examined the enzyme activity of caspase-12 in
cells after 1 h with or without 75 uM H,0. and/or 5 uM
thapsigargin (Fig. 8B). In CRT-overexpressing cells, activity
was increased solely by HyO,, compared with no significant
ncrease in activity in the control cells. Although activity was
ncreased by thapsigargin in both control and CRT-overex-
pressing cells, it was elevated more in CRT-overexpressing
ells during the combined treatment with H,O,. As shown in
Fig. 8C, the activity of calpain was also examined in the cells
fter 1 h with or without 75 uM H,0, and/or 5 uM thapsi-
argin. The activity of calpain was significantly increased by
1,0, in CRT-overexpressing cells compared with the small
ncrease observed in control cells. In control cells, treatment
with thapsigargin synergistically enhanced the effect of H,0,,
Ithough the activity was slightly increased solely by thapsi-
argin. In CRT-overexpressing cells, although calpain activity
was markedly increased by thapsigargin, a synergistic effect
was not observed. To determine whether the activity of calpain
ontributes to the processing of caspase-12, we examined the
flect of N-acetyl-leucyl-leucyl-norleucinal (ALLN), a calpain
nhibitor (57), or BAPTA-AM on processing in CRT-overex-
ressing cells during treatment with H,O, (Fig. 8D). CRT-
verexpressing cells were treated for 1 h with or without 75
M H,0; in the presence or absence of 50 uM ALLN or 10
M BAPTA-AM, and then the expression levels of caspase-12
nd caspase-3 and ER chaperones were examined using im-
unoblot analysis. The H,O,-induced processing of caspase-12
as apparently suppressed in the presence of ALLN or
APTA-AM, resulting in a slight decrease in the level of the
5-kDa fragment and an increase in that of the 55-kDa pro-
| caspase form. Proteolytic processing of caspase-3 was also
uppressed by ALLN or BAPTA-AM in gene-transfected cells
treated with H,O,. Altogether, these results suggest that the
Ca?*-calpain pathway is involved in the activation of
caspase-12 in CRT-overexpressing cells under oxidative stress
caused by H,0,.

DISCUSSION

In the present study, we used myocardiac H9¢2 cells that
overexpressed CRT to investigate the effect of overexpression
on HOz-induced apoptosis in cardiac myocytes. When ex-
posed to H»O,, the CRT-overexpressing cells showed increases
in LDH release and DNA strand breaks, indicating that these
cells were highly susceptible to apoptosis compared with
control cells. Nakamura et al. (41) reported that overexpression
of CRT resulted in increased sensitivity of HeLa cells to both
thapsigargin- and staurosporine-induced apoptosis. These au-
thors suggested that overexpression of CRT affected commu-
nication between the ER and the mitochondria to increase the
sensitivity to apoptosis via the altered Ca%* homeostasis, and
their hypothesis has been supported by the study of Arnaudeau
et al. (1). Pinton et al. (43) reported that the releasable [Ca2*]
in the ER is important for ceramide-induced apoptosis and also
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showed that overexpression of CRT enhanced the ceramide-
induced apoptosis in HeLa cells. Recently, it was also reported
that CRT controls the susceptibility to apoptosis by regulating
p53 functions (34). Furthermore, a necrosis-promoting effect
of CRT has been reported to oceur in Caenorhabditis elegans
(53). In contrast, overexpression of CRT provided resistance to
oxidant-induced cell death in renal epithelial LLC-PK1 cells
treated with iodoacetamide (28), tert-butylhydroperoxide (29),
or HyO» (18). The function of CRT in the regulation of
apoptosis may differ in specific cell types and is still contro-
versial, so further investigation is required.

Ca* is one of the most versatile biological factors and
regulates a variety of cellular events, such as cell development,
cell proliferation, and cell death (3). The elevation of [Ca**);
has been thought to be an important signal in the mechanism of
apoptosis (31). In the present study, we found that the level of
[Ca**]; increased significantly in CRT-overexpressing cells
treated with Hz0s, although only a slight increase was ob-
served in controls (Fig. 4). As shown in Fig. 6, HyOp-induced
apoptosis was suppressed by the Ca2* chelator BAPTA-AM in
CRT gene-transfected cells but was promoted by thapsigargin
in control cells, indicating that the increase in [Ca®™*]; was an
important trigger for apoptosis in H9¢2 cells under stress due
to H,O,.

In previous reports, overexpression of CRT led to an in-
crease in the intracellular store of Ca?™ (2, 8,32, 54). CRT also
appears o modulate store-operated Ca®* influx (1, 2, 8, 32, 46,
54 and to alter Ca®* transport by SERCA2b (22). In the case
of H92 cells overexpressing CRT, the total cellular Ca?*
content examined on the basis of measuring equilibrium
“3Ca®* uptake was ~160% of that in control cells and was
found mainly within the thapsigargin-sensitive store. However,
[Ca®"}; levels in the resting state were not significantly differ-
ent between control and CRT-overexpressing cells. On the
other hand, store-operated Ca®* influx was examined spec-
troflucrometrically using cells labeled with fura-2 AM and was
suppressed in the CRT-overexpressing cells compared with
controls (data not shown). These results indicate that overex-
pression of CRT influences intracellular Ca* homeostasis,
and the effect in resting H9¢2 cells seems to be similar to that
in other cell types described in the literature. Recently, Scor-
rano et al. (48) reported that Ca®* reserved in the ER was an
important gateway for apoptosis via the influence on mitochon-
drial Ca®" homeostasis. Overexpression of CRT also influ-
ences the mitochondrial Ca®>* homeostasis (1). Altogether, the
enhanced susceptibility to H,Op-induced apoptosis in CRT-
overexpressing H9¢2 cells may also be due to the modulation
of mitochondrial Ca?* homeostasis by the altered responses in
the ER overexpressing CRT.

Under oxidative stress, reactive oxygen and nitrogen can
disrupt normal physiological pathways and cause cell death via
altered Ca®* homeostasis (7, 30). The [Ca2*]; level is regu-
lated by Ca** transport into and out of the ER or SR, in which
Ca** can be stored, as well as by Ca?* transport through the
plasma membrane between the cytoplasm and the extracellular
space (3). It was reported that oxidative stress causes a [Ca®™];
increase in a variety of cell types (7). The initial increase in
[Ca>*]; results in part from a rapid release of ER Ca2* through
1P; receptors after receptor-mediated activation of PLC, and
the subsequent generation of IP; and the sustained component
results from the influx of extracellular Ca®* (54). It is also
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known that the uptake of Ca®?* from the cytoplasm to the
ER/SR by SERCA can be inhibited by O3 and H,O; in smooth
muscle cells (14, 15). It seems that SERCA can be inhibited
both by oxidation of its sulfhydryl residues and by a direct
attack of oxidants on the ATP-binding site (7).

In the present study, the influx and efflux of **Ca®" were
examined in control and CRT-overexpressing cells with or
without H,O, treatment (Fig. 5, A and B). The results showed
that Ca®* influx was suppressed and that efflux was enhanced
in the gene-transfected cells during H,O, treatment, suggesting
that the H,O,-induced increase in [Ca®"]; might not be caused
simply by the change of Ca®* flux between the cytoplasm and
extracellular space, but rather by the alteration in intracellular
Ca* pools such as those in the ER and the mitochondria. To
investigate the involvement of intracellular Ca®* pools in the
H»0»-induced increase in [Ca®™);, we examined the effect of
Ca®" modulators on [Ca®"]; in cells treated with H.O, (Fig.
5C). The inhibition of mitochondrial function by FCCP did not
enhance the HzOa-induced [Ca®*]; increase in control cells,
indicating that suppressed mitochondrial function was not a
main cause of the enhancement of [Ca?™]; observed in CRT-
overexpressing cells. On the other hand, thapsigargin, an in-
hibitor for SERCA, apparently enhanced the H,Qs-induced
[Ca®*]; increase in contro] cells, strongly suggesting that the
Ca®* store in the ER might be a cause of the [Ca>*); elevation
observed in CRT-overexpressing cells. This observation also
suggested that dysfunction of SERCA?2a has a promoting effect
on the H,O»-induced [Ca®*]; increase in H9¢2 cells. Although
ER residents such as the ryanodine and IP; receptors may
possibly be involved in raising [Ca?*]; levels in response to
H,O;, the inhibition of both did not suppress the HyOp-induced
[Ca?*}; increase in CRT-overexpressing cells. These results
suggest that the H,Oz-induced [Ca®*]; increase may be due to
a dysfunction of SERCA?2a and not to the release of Ca?* from
the ER through the ryanodine or IP; receptors. However, it is
noteworthy that the H,Os-induced increase of [Ca®™}; was
clearly suppressed by Ni**, an inhibitor of Ca®>* influx in
gene-transfected cells. Collectively, these results indicate that
the ER-stored Ca®* pool plays an important role in the en-
hancement of the H,O,-induced [Ca?*}; increase in CRT-
overexpressing cells, although Ca** influx from the extracel-
tular space was also an important contributor to the increase.

In a recently published report (15), we focused on the
function of SERCA2a in CRT-overexpressing H9¢2 cells un-
der oxidative stress caused by H,O, because SERCA is an
ER/SR resident protein that is highly susceptible to peroxide
stress. In that study, we found that in vitro activities of
SERCA2a and #°Ca®* uptake into the ER were both sup-
pressed by H.O, in CRT-overexpressing H9¢2 cells compared
with controls (20). This finding indicates that the inactivation
of SERCA?2a was accelerated by the overexpression of CRT in
the microsomes treated with HoO,. We also found that CRT
transiently interacted with SERCA2a during H,O,-induced
oxidative stress and that H,Os-induced degradation of
SERCA?a was apparently enhanced in gene-transfected cells
compared with controls. On the other hand, interaction be-
tween CRT and the IP; or ryanodine receptor was not detected
in the cells under the same conditions (data not shown),
suggesting that other Ca?*-regulating proteins in the ER had
little physical interaction with CRT under oxidative stress.
These findings suggest that the increase in [Ca>*]; may be due
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partly to the loss of Ca®*-pumping activity of SERCA2a in the
ER of CRT-overexpressing cells under oxidative stress.

Sustained elevation of the CRT level in the ER may be a
consequence of ER stress. ER stress, also known as the
unfolded protein response, is a physiological cellular response
against accumulated misfolded proteins in the ER (25). How-
ever, prolonged ER stress is known to lead to apoptosis and to
be linked to the pathogenesis of several disorders, including
genetic diseases (e.g., type 1 diabetes mellitus), neurodegen-
erative diseases (e.g., Alzheimer disease, Parkinson disease),
and metabolic diseases (e.g., hyperhomocysteinemia) (25).
Caspase-12, which is associated with the ER, is specifically
involved as a cell death effector via ER stress (40, 44). ER
stress-induced activation of caspase-12 occurred through pro-
teolytic processing by calpain via [Ca®"]; elevation in the
stressed cell (40). In the present study, we have shown that
caspase-12 was highly activated in the CRT-overexpressing
cells under oxidative stress through the activation of the Ca*-
calpain pathway (Fig. 8). The results strongly suggest that a
Ca>"-calpain-caspase-12 pathway is involved in the mecha-
nism of accelerated susceptibility to H,O,-induced apoptosis in
CRT-overexpressing cells. Although Morishima et al. (37) did
not clarify fully the precise activation mechanism for the
caspase-12-related pathway, they reported that ER stress could
trigger a specific cascade involving caspase-12, caspase-9, and
caspase-3 in a cytochrome c-independent manner. This finding
may be consistent with our findings that the H,O,-induced
processing of both caspase-12 and caspase-3 was accelerated in
CRT-overexpressing cells under stress and was suppressed in
the presence of a calpain inhibitor, ALLN. Furthermore, the
processing of caspase-12 and caspase-3 was suppressed by a
Ca?* chelator, BAPTA-AM, in the H,0,-treated, CRT-over-
expressing cells, suggesting an activated linkage of the Ca?"-
calpain-caspase-12 signaling cascade in the apoptotic process
of CRT-overexpressing cells under oxidative stress.

We also have shown that overexpression of CRT promotes
apoptosis during cardiac differentiation in H9¢2 cells (24). In
that study, we showed that Akt signaling was suppressed in
H9¢?2 cells overexpressing CRT via {Ca?*]; increase. In addi-
tion, we recently reported (56) that cAMP response element-
dependent transcriptional upregulation of the PP2Ac-« gene is
involved in the inactivation of Akt, leading to the enhancement
of oxidant-induced apoptosis in H9¢2 cells under conditions in
which [Ca**}; elevation is prolonged. With regard to the
differentiation of cardiomyocytes, the importance of the intra-
cellular generation of reactive oxygen species is implicated
(47). In this respect, the altered Ca®* homeostasis leading to
accelerated apoptosis in CRT-overexpressing cells during dif-
ferentiation may be related to a similar mechanism in cells to
which reactive oxygen species are exposed. Moreover, in
addition to the mechanism related to Akt signaling, the results
of the present stdy also suggest that the Ca?*-calpain-
caspase-12 pathway is part of another mechanism of the
differentiation-induced apoptosis of CRT-overexpressing HO9c2
cells (24).

In conclusion, the results of the present study indicate that
the level of CRT regulates susceptibility to oxidative stress
through a change in Ca®* homeostasis and a Ca**-dependent
calpain-caspase-12 pathway in myocardiac H9¢2 cells, sug-
gesting a pathophysiological significance of CRT in myocar-
diac disorders under conditions of oxidative stress.
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appealing and correct, because CPET is both fum (to teach
fellows about) and profitable (clinically), providing important
diagnostic and clinical insight into pulmonary disease processes
that cannot be obtained any other way. CPET is a test modality
from which the attending physician will derive insight and
benefit. As such, CPET is indeed profitable.
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Obstructive Sleep Apnea Causes
Systemic Inflammation and Metabolic
Syndrome

To the Editor:

In a recent issue of CHEST (July 2004), Hatipoglu and
Rubinstein pointed out that the possibilities of pathophysiologic
link between obstructive sleep apnea syndrome (OSAS) and
airway and/or systeraic inflammation. They suggested that in-
creased levels of tumor necrosis factor (TN F)-o, interleukin
(IL)-6, and high-sensitivity C-reactive protein (hsCRP) are in-
volved in the pathogenesis of systemic inflammation in OSAS.
However, the important and growing issue of metabolic syn-
drome in patients with OSAS is not argued.

OSAS is recently recognized as a risk factor for cardiovascular
disorders and metabolic syndrome.2-8 OSAS is related to obesity,
insulin resistance, and diabetes mellitus. In addition, leptin and
insulin levels were elevated in palients with OSAS independently
of obesity. and visceral fat was the primary parameter linked with
sleep apnea. The association of OSAS with insulin resistance and
diabetes type 2 has been confirmed 56 Adiponectin is 2 hormone
secreted by adipocytes that acts as an antidiabetic and antiathero-
genic adipocytokine., Levels of adiponectin in the blood are
decreased under conditions of obesity, insulin resistance, and
type 2 diabetes. We have found that plasma level of adiponectin
is decreased in OSAS patients compared with that in obese
control subjects without OSAS.7 The level of adiponectin is
associated with the severity of OSAS as indicated by apnea-
hypopnea index (AHI), rather than obesity indexed as body mass
index. The lower adiponectin level is also associated with in-
creased levels of hsCRP and I1-8.7

At the inflammatory point of view, the levels of TNF-¢, 116,
hsCRP, adhesion molecules, and monocyte chemoattractant pro-
tein-1 were markedly and significantly elevated in patients with
sleep apnea than those in normal control subjects.8® 116 and
hsCRP levels were independently associated with OSAS severity
as indicated by the AHI. In addition, hsCRP level is associated

1074

with visceral adipose tissue and is significantly associated with the
components of insulin resistance syndrome.5 These data support
the belief that inflammatory processes and metabolic syndrome
are activated in atherosclerotic lesions in patients with OSAS.
G-reactive protein and other inflammatory cytokines accelerate
the progression of atherosclerosis in patients with OSAS. In
addition, increase in circulating levels of adenosine and urinary
wic acid in patients with obstructive sleep apnea are implicated
with increased production of reactive oxygen species. Activation
of redox-sensitive gene expression is suggested by the increase in
some protein produets of these genes, including vascular endo-
thelial growth factor, erythropoietin, endothelin-1, mflamma-
tory cytokines, and adhesion molecules 101! These results im-
ph‘cate the participation of redox-sensitive transcription factors
as hypoxia-inducible factor-1, activator protein-1 and nuclear
factor-kB.

Importantly, the elevated levels of atherogenic inflammatory
mediators were improved by the OSAS-specific treatment such as
nasal continuous positive airway pressure.®-1! Thus, OSAS plays
a crucial role in metabolic syndrome and systemic inflammatory
disorders. ‘
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Insights of Neurologic Dysfunction
After Coronary Artery Bypass
Grafting

To the Editor:

We read with great interest the article by Ganushchak and
associates (June 2004).! The authors have investigated the corre-
lation between the combinations of hemodynamic events during
cardiopulmonary bypass (CPB) and the development of postop-
erative neurologic complications. The authors have utilized clus-
ter analysis to review 1,395 perfusion charts, and have concluded
that CPB procedures with large fluctuations in hemodynamic
parameters have an incressed risk for the development of
postoperative neurologic comph‘cationsA

We would like to make a few comments for this important
investigation. First, it is well documented that the number of smboli
(micro and macro} delivered during CPB has a direct correlation
with the postoperative neurologic dysfunction.28 The duration of
CPB also has an impact on the number of emboli delivered during
CPB; the longer the duration, more emboli delivered * Acoording to
Table 2, the duration of CPB was much longer in one group with
postoperative neurologic complications (n = 27) compared to the
no-complication group (103 * 43 min vs 82 + 33 min, p=0.01
[ SD]). The only way to quantify the number of microemboli
during CPB is to use transcranial Doppler (TCD) monitoring. Did
Ganushchak and associates use TCD monitoring during CPB?

Second, the authors have used two different hollow-fiber
membrane oxygenators in this investigation. One wonders
whether or not there was any significant difference between the
oxygenators in 27 patients with postoperative neurologic compli-
cations. In 27 patients, did the authors calculate how many times
one oxygenator was used vs the other oxygenator? Were there any
significant differences between the two oxygenators?

Last, the authors have documented that the majority of
patients with postoperative neurologic complications (21 of 27
patients} coincide with postoperative cardiac arthythmias, It is
not clear whether the neurologic complications were secondary
to cardiac arrhythmias or not. The cause of postoperative neuro-
logic complications in these 21 patients was probably due to
ventricular arthythmias rather the CPB procedure.’ We congrat-
ulate the authors for applying cluster analysis to this particular
patient population, and we also believe that large fluctuations in
hemodynamic parameters during CPB has caused significant
postoperative neurologic risks.5
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To the Editor:

First, we thank Dis. Luo and Undar for their comments on our
investigation, and acknowledge them for recognizing the interest
and importance of our article. In answer to the first comment, we
like to express that we also recognize the fact that the number of
emboli (micro and macro) delivered during cardiopulmenary
bypass (CPB) could have an impact on the incidence of postop-
erative neurclogic complications. U nfortunately, we were unable
to use transcranial Doppler (TCD) routinely in our patients.
However, a longer CPB procedure is theoreﬁcaﬂy accompanied
by a higher number of emboli delivered, as was described
previously.12 Therefore, although we did not use TCD, one could
hypothesize that the aforementioned is confirmed by our findings
as presented in Table 2. However, the large difference in number
of patients in our study (27 patients with postoperative neurologic
complications vs 1,368 patients without neurologic complica-
tions) made the results of the analysis of variance test suspicious,
That is why we used cluster analyses, and in the sequence of
these analyses the impact of duration of GPB on the development
of postoperative neurologic complications disappeared. Never-
theless, microremobilization of cerebral vessels during CPB
could be one of the factors explaining the significance of
fluctuations in hemodynamic parameters in the increased risk for
the development of postoperative neurologic complications. It is
well documented that good blood flow through the brain might
hasten the clearance of microemboli, and increased perfusion
pressure during CPB has heen proposed as a means of forcing air
bubbles through the cerebral microcirculation.? It is obvious that
fluctuations in perfusion pressure could often provoke the stabi-
lization of an embolus in a cerebral vessel and increase the
duration of hypoxia and extend the area of hypoxic damage.

Second, the type of oxygenator indeed could affect the rate of
microemboli during CPB* and, in this way, be related to the
incidence of postoperative neurologl’c complications. The two
types of oxygenators used in our patients were used in sequence.
Although the influence of oxygenator type on postoperative
neurologic complications was beyond the scope of our study, we
evaluated whether there was any significant fluctuation in the
frequency of neurologic complications during the study period
(between May 1996 and January 1999). This appeared not to be
the case, and therefore we assumed that the type of oxygenator
had no significant impact on the results as described in our
article.

Third. in general, causal relations are extremely hard to prove
in clinical research. In this retrospective study, we could not
distinguish the sequence of events in complications development.
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