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1 The mode of action of reactive oxygen intermediates in cysosolic Ca2+ movements of cultured
porcine aortic endothelial cells exposed to xanthine/xanthine oxidase (X/XO) was investigated.

2 Cytosolic Ca2+ movements provoked by X/XO consisted of an initial Ca2+ release from
thapsigargin-sensitive intracellular Ca2+ stores and a sustained Ca2+ in¯ux through cell-membrane
Ca2+ channels. The Ca2+ movements from both sources were inhibited by catalase, cell-membrane
permeable iron chelators (o-phenanthroline and deferoxamine), a .OH scavenger (5,5-dimethyl-1-
pyrroline-N-oxide), or an anion channel blocker (disodium 4, 4'-diisothiocyano-2, 2'-stilbenedisul-
phonic acid), suggesting that .O2

7 in¯ux through anion channels was responsible for the Ca2+

movements, in which .OH generation catalyzed by intracellular transition metals (i.e., Haber-Weiss
cycle) was involved.

3 After an initial Ca2+ elevation provoked by X/XO, cytosolic Ca2+ concentration decreased to a
level higher than basal levels. Removal of X/XO slightly enhanced the Ca2+ decrease. Extracellular
addition of sulphydryl (SH)-reducing agents, dithiothreitol or glutathione, after the removal of X/
XO accelerated the decrement. A Ca2+ channel blocker, Ni2+, abolished the sustained increase in
Ca2+, suggesting that Ca2+ in¯ux through cell-membrane Ca2+ channels was extracellularly
regulated by the redox state of SH-groups.

4 The X/XO-provoked change in cellular respiration was inhibited by Ni2+ or dithiothreitol as well
as inhibitors of Haber-Weiss cycle, suggesting that Ca2+ in¯ux was responsible for .OH-mediated
cytotoxicity. We concluded that intracellular .OH generation was involved in the Ca2+ movements
in endothelial cells exposed to X/XO. Cytosolic Ca2+ elevation was partly responsible for the
oxidants-mediated cytotoxicity.
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Introduction

A growing body of evidence from cardiac myocytes (Josephson

et al., 1991), vascular smooth muscle cells (Roveri et al., 1992;
Krippeit-Drews et al., 1995), endothelial cells (Doan et al.,
1994), and a variety of types of the other cells (Masumoto et
al., 1990; Ikebuchi et al., 1991; Rojanasakul et al., 1993;

Murata et al., 1994) indicates that the concentration of
intracellular free calcium ([Ca2+]i) is increased by the exposure
to reactive oxygen intermediates. It has also been reported that

Ca2+ channel blockers inhibit the oxidant-provoked [Ca2+]i
elevation of these cells, suggesting that functional regulation of
Ca2+ channels occurs during the exposure to such oxidant

species at concentrations lower than that provoke lethal cell
membrane damage.

Several enzymic systems (e.g., NADPH oxidase in phago-
cytes or xanthine oxidase in endothelial cells) directly produce

one- or two-electron reduced oxygen metabolites [i.e. super-
oxide anion (.O2

7) and hydrogen peroxide (H2O2)] (Britigan et

al., 1986; 1990a,b), contributing to acute in¯ammatory

disorders such as ischaemia/reperfusion (Zweier et al., 1988;
1994a,b) or neutrophil-mediated lung injury (Fox, 1984;
Kuroda et al., 1987). While the reactivity of these oxidant
species with several biological structures is limited, mechanisms

generating a further reduced oxygen metabolite, hydroxyl
radical (.OH), are likely to enhance oxidative stress. We have
previously described that the generation of .OH from .O2

7 and

H2O2 catalyzed by transition metals around the target
structures is involved in the endothelial cell injury provoked
by the lethal oxidant exposure (Az-ma et al., 1996). However,

the causal relationship of .OH generation in endothelial cells
and the regulation of cytosolic Ca2+ movements by the
exogenous oxidative stress has not yet been established.

The aim of this study was thus to elucidate the role of .OH

generation in the cytosolic Ca2+ movements in endothelial cells
exposed to reactive oxygen intermediates. The change in
cellular respiration was also evaluated to index the involve-

ment of [Ca2+]i in the oxidant-provoked cytotoxicity in
endothelial cells.*Author for correspondence; E-mail: azm@ma3.seikyou.ne.jp
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Methods

Preparation of endothelial cells

Isolation and primary culture of porcine aortic endothelial

(PAE) cells were performed as previously described (Az-ma et
al., 1995a; 1996). The culture medium used was RD medium
[1 : 1 (v v71) RPMI 1640 medium/Dulbecco's modi®ed

Eagle's medium (DMEM)] supplemented with bicarbonate,
2 mg ml71, HEPES, 15 mM, ampicillin, 90 mg ml71, kanamy-
cin, 90 mg ml71 and 10% (v v71) foetal bovine serum (FBS)

equilibrated with 5% CO2 in air under a humidi®ed
atmosphere at 378C (pH 7.4). PAE cells were subcultured at
a 1 : 3 split ratio in collagen-coated 25 cm2 plastic ¯asks. The

resulting subcon¯uent monolayers of PAE cells (passage 2)
were harvested with trypsin [0.125% (w v71)/EDTA [0.02%
(w v71) in Ca2+- and Mg2+-free Dulbecco's phosphate
bu�ered saline (PBS), and cryopreserved in FBS containing

10% (v v71) dimethyl sulphoxide (DMSO) at a density of 1 ±
26106 cells ml71 under liquid nitrogen. PAE cells were re-
suspended in the culture medium (1 ± 26105 cells ml71) 3 ± 4

days before the experiments, and seeded on ®bronectin-
coated glass coverslips (45645 mm) attached to silicon
rubber septa separated into four 15 mmf chambers (300 per

well) for the measurement of [Ca2+]i. The cells were also
cultured in 48-well cluster dishes for the spin trapping study
and the cellular respiration assay. The endothelial cell identity
was con®rmed post-cryopreservation by the uptake of

diiodoacetyl-low-density lipoprotein using ¯uorescence micro-
scopy (499% of the cells) (Doan et al., 1994), and by a
bradykinin-dependent increase in [Ca2+]i and nitric oxide

(.NO) production as previously described (Az-ma et al.,
1995a, b). Experiments were performed within 24 h after the
cells reached to con¯uent monolayers.

Exogenous oxidant generating system

Production of .O2
7 and H2O2 was achieved by adding various

amounts of xanthine oxidase to modi®ed Hanks Balanced Salt
Solution (HBSS) in the presence of xanthine at a ®nal
concentration of 100 mM. The composition of HBSS was (in

mM): NaCl, 138; KCl, 4.7; CaCl2, 1.3; MgSO4, 0.8; KH2PO4,
0.4; K2HPO4, 0.3; D-glucose, 5.6; HEPES, 4.2; and
diethylenetriaminepentaacetic acid (DTPA), 0.02 (pH 7.4).

HBSS contained the iron chelator (DTPA) at a minimum but
signi®cant concentration to eliminate an exogenous transition
metal-dependent production of .OH from commercially

available xanthine oxidase (Britigan et al., 1990b; Az-ma et
al., 1996). The amount of xanthine oxidase in HBSS was
adjusted using a spectrophotometer (DU 640, Beckman,
Fullerton, CA, U.S.A.) by the rate of uric acid generation for

the initial 1 min at 258C (lmax=295 nm, e=11 mM
71 cm71)

before each batch of experiments. Production of .O2
7 was also

measured as superoxide dismutase (SOD)-inhibitable reduc-

tion of ferricytochrome c and monitored spectrophotome-
trically at 550 nm (Pou et al., 1989). The rate of .O2

7

production in the reaction mixture of xanthine/xanthine

oxidase containing 20 mM ferricytochrome c was calculated
using an extinction coe�cient of 21 mM

71 cm71 (Table 1). The
generation of oxygen free radicals (i.e., .O2

7 and .OH) in the

incubation bu�er of PAE cells was also qualitatively
determined by a spin trapping study using electron para-
magnetic resonance spectrometry as previously described (Az-
ma et al., 1996). The exogenous generation of .OH from

xanthine/xanthine oxidase was not observed except when Fe3+

was added to HBSS.

Measurement of [Ca2+]i

The [Ca2+]i of PAE cells was measured using a ¯uorescent
Ca2+ indicator dye, fura-2, as previously described with
modi®cation (Az-ma et al., 1995a). PAE cell monolayers

attached on a coverslip were loaded with 5 mM acetoxymethyl
ester form of fura-2 in HBSS for 1 h at 258C. The cells were
then washed with HBSS to remove the dye from the

extracellular space. The coverslip was placed on the stage of
a ¯uorescence inverted microscope, combined with a computer
Ca2+ analysing system (ARGUS-50/CA2, Hamamatsu Photo-

nics, Hamamatsu, Japan). The cells were continuously
perfused with HBSS containing xanthine/xanthine oxidase in
the absence or the presence of various agents (1 ml min71,

378C). The ¯uorescence intensity ratio with excitation at 340/
380 nm and emission at 510 nm was converted to [Ca2+]i by
using an in-vitro calibration curve obtained from standard
Ca2+/EGTA solutions containing 5 mM fura-2 free acid. The

mean value of [Ca2+]i obtained from randomly selected 21 cells
in a microscope ®eld was considered as the [Ca2+]i of each
experiment. In the preliminary experiments, we con®rmed that

disodium 4, 4'-diisothiocyano-2, 2'-stilbenedisulphonic acid
(DIDS) possesses an auto¯uorescence, which in¯uenced the
change in ¯uorescence intensities of fura-2. Thus, PAE cells

were vigorously washed with HBSS before the commencement
of [Ca2+]i measurement when the cells were preincubated with
DIDS.

Measurement of cellular respiration

The cellular respiration of PAE cells was assessed by the

conversion of a tetrazolium dye, 3-(4,5-dimethyl-2-thiazolyl)-
2,5-diphenyl-2H tetrazolium bromide (MTT; Dojindo, Kuma-
moto, Japan), to its formazan by the intact electron transport

systems of mitochondria in the cells, according to the assay
protocol provided by Dojindo. PAE cell monolayers in 48-well
cluster dishes (0.8 ± 1.26105 cells cm2) were washed and pre-

equilibrated with HBSS containing xanthine in the absence or
the presence of various drugs for 10 ± 15 min prior to the
addition of xanthine oxidase. Following 30 min exposure to
xanthine oxidase at 378C, PAE cells were gently washed with

HBSS to remove xanthine/xanthine oxidase and further
incubated with 0.5 mg ml71 MTT in HBSS for 4 h. The cells
were then rinsed with HBSS for the removal of MTT in the

extracellular space, and the intracellularly yielded formazan
was extracted by isopropanol containing 40 mM HCl. The
extracts were transferred to a 96-F microtiter plate, and the

absorbance related to formazan (lmax=565 nm,

Table 1 Production of superoxide anion from xanthine/
xanthine oxidase

Reduction of ferricytochrome c
Drugs (mM min71) (%)

Xanthine/xanthine oxidase
+SOD (15 u ml71)
+SOD (30 u ml71)
+SOD (150 u ml71)
+SOD (300 u ml71)

11.6+0.8
1.0+0.1
0.8+0.1

Not detected
Not detected

100
8.6
6.9
0
0

Production of superoxide anion (.O2
7) in the reaction

mixtures containing 100 mM xanthine and 0.02 u ml71

xanthine oxidase+superoxide dismutase (SOD) in HBSS
(pH 7.4, 258C) was determined as the reduction of
ferricytochrome c (20 mM). Data are expressed as mean+
s.e.mean (n=3). Per cent response(s) in .O2

7 production are
also shown.

.OH and cytosolic Ca2+ movements in endothelial cells 1463T. Az-ma et al



e=20 mM
71 cm71) was measured at 550 nm using a spectro-

scopic microplate reader (MTP-120, Corona Electric, Ibaragi,
Japan). Cellular respiration was determined according to the

following equation:

Cellular respiration �%� � sample ODÿÿblank OD� 100

control ODÿÿblank OD

where the control OD represented the optical density of the

extract from control culture wells without exposure to
xanthine/xanthine oxidase, while the sample OD represented
that from culture wells exposed to the oxidant-generating

system in the presence or the absence of various agents. The
blank OD was obtained from the extract of culture wells
without incubation with MTT. Each sample was measured in

duplicate.

Statistical analysis

Data were expressed as mean+s.e.mean. One- or two-factor(s)
multiple comparisons were performed using analysis of
variance followed by the t-test with Bonferroni's correction.

Reagents

Dulbecco's modi®ed Eagle's medium (DMEM) and RPMI
1640 were purchased from Gibco BRL (Grand Island, NY,
U.S.A.). N-[2-hydroxyethyl] piperazine-N'-[2-ethanesulphonic
acid] (HEPES), ampicillin, kanamycin, diethylenetriaminepen-
taacetic acid (DTPA), trypsin, xanthine, xanthine oxidase,
allopurinol, superoxide dismutase (SOD), catalase, deferox-

amine mesylate, and reduced form of glutathione (GSH) were
obtained from Sigma (St. Louis, MO, U.S.A.). Foetal bovine
serum (FBS) was from JRH Biosciences (Lenaxa, KS, U.S.A.).

Di-iodoacetyl-low-density lipoprotein was from Funakoshi
(Tokyo, Japan). Ferricytochrome c was from Boehringer
Mannheim (Tokyo, Japan). Acetoxymethyl ester form of
fura-2 (fura-2/AM), 5,5-dimethyl-1-pyrroline-N-oxide

(DMPO), disodium 4, 4'-diisothiocyano-2, 2'-stilbenedisulpho-
nic acid (DIDS), and 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphe-
nyl-2H tetrazolium bromide (MTT) were from Dojindo

Laboratories (Kumamoto, Japan). Dimethyl sulphoxide
(DMSO), disodium ethylenediaminetetraacetate (EDTA),
glycoletherdiaminetetraacetic acid (EGTA), 1,10-phenanthro-

line hydrochloride (o-phenanthroline), and dithiothreitol
(DTT) were from Katayama (Osaka, Japan). All other
chemicals were of analytical quality.

Results

Reciprocal action of .O2
7 and H2O2 in the cytosolic

Ca2+ movements provoked by xanthine/xanthine oxidase

The [Ca2+]i, of PAE cells was not in¯uenced by a single
application of 100 mM xanthine, while it was promptly
increased by the simultaneous exposure to xanthine oxidase

at concentrations equal or higher than 0.01 u ml71 (Figure
1a). However, PAE cells were lysed or detached from
monolayers by exposure to 0.04 u ml71 xanthine oxidase

within 15 min. Therefore, e�ects of various drug interventions

Figure 1 Representative recordings of the change in [Ca2+]i of cultured porcine aortic endothelial (PAE) cells exposed to xanthine/
xanthine oxidase in the absence or the presence of various oxidant inhibitors at 378C. [Ca2+]i was measured by using fura-2
¯uorometry: (a) PAE cells were perfused with 100 mM xanthine-containing HBSS (pH 7.4, 1 ml min71). (*) Addition of xanthine
oxidase (XO) at indicated concentrations; (b) same condition as in (a) except that HBSS contained allopurinol (400 mM); (c) same
condition as in (a) except that HBSS contained catalase (30, 300 u ml71); (d) PAE cells were perfused with xanthine-containing
HBSS in the presence of superoxide dismutase (SOD, 300 u ml71) or 4, 4'-diisothiocyano-2, 2'-stilbenedisulphonic acid (DIDS,
300 mM). DIDS was removed with xanthine-containing HBSS following a 15 min pre-incubation before the exposure of the cells to
xanthine oxidase; (e) same condition as in (a) except that HBSS contained 5,5-dimethyl-1-pyrroline-N-oxide (DMPO, 90 mM); (f)
same condition as in (a) except that HBSS contained o-phenanthroline (100 mM). The shown traces were obtained from a batch of
experiments using PAE cell monolayers split from the same origin. Similar results were obtained from at least three separate cell
preparations cultured from di�erent donors.
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on the cytosolic Ca2+ movements were evaluated by using
0.02 u ml71 xanthine oxidase. During the exposure of PAE
cells to xanthine/xanthine oxidase, [Ca2+]i was elevated to a

maximum level, then gradually declined to levels higher than
that observed before the exposure. Allopurinol (400 mM), an
inhibitor of xanthine oxidase, abolished the rise in [Ca2+]i
(Figure 1b and Table 2), con®rming that the observed [Ca2+]i
elevation was due to the exposure to xanthine oxidase. Non-
selective Ca2+ channel blockers, Ni2+ (2.0 mM; Figure 2a) or
Co2+ (2.0 mM, not shown), decreased [Ca2+]i to basal levels

after an initial transient increase in [Ca2+]i. The peak [Ca2+]i of
the transient was signi®cantly smaller than that observed in the
absence of Ni2+ (Table 2). The removal of this Ca2+ channel

blocker caused a sustained increase in [Ca2+]i (Figure 2a). To
further evaluate these modulatory e�ects of Ni2+ on xanthine/
xanthine oxidase-provoked cytosolic Ca2+ movements, thapsi-

gargin which is known to deplete intracellular Ca2+ stores
(Doan et al., 1994) was added to PAE cells in the presence of
Ni2+. Preloading of PAE cells with 0.2 mM thapsigargin
induced a transient increase in [Ca2+]i, while potently

suppressed the [Ca2+]i elevation provoked by the following
addition of xanthine oxidase (Figure 2b). These results
indicated that the [Ca2+]i elevation provoked by xanthine/

xanthine oxidase at concentrations used in the present
experiment was dependent on a sustained Ca2+ in¯ux from
the extracellular space through Ca2+ channels during and

following the initial Ca2+ release from thapsigargin-sensitive
intracellular Ca2+ sources.

A 5 min pre- and co-incubation of PAE cells with a H2O2

scavenger, catalase, at 30 u ml71 did not signi®cantly decrease
the maximum [Ca2+]i provoked by xanthine/xanthine oxidase,
while it abolished the sustained increase in [Ca2+]i. Addition of
300 u ml71 catalase potently inhibited the initial [Ca2+]i
elevation as well as the sustained increase in [Ca2+]i (Figure
1c). In contrast, superoxide dismutase (SOD, 300 u ml71)
failed to in¯uence the cytosolic Ca2+ movements (Figure 1d),

although SOD potently and concentration-dependently de-
creased .O2

7 production from xanthine/xanthine oxidase
(Table 1). However, it is unlikely that the observed [Ca2+]i
elevation was due only to an e�ect of H2O2 because the
concentrations of authentic H2O2 needed to provoke [Ca2+]i
elevation was 4300 mM (Table 3), which is apparently higher

than the maximum concentration of H2O2 yielded by the
xanthine oxidase-catalyzed oxidation of 100 mM xanthine
(=100 mM). It has been reported that .O2

7 passes through

anion channels in the cell membrane (see Discussion). Thus,
the e�ect of an anion channel blocker, DIDS, on the cytosolic
Ca2+ movements was evaluated. A 15 min preincubation of
PAE cells with 300 mM DIDS potently inhibited the [Ca2+]i
elevation provoked by xanthine/xanthine oxidase (Figure 1d),
while it oppositely enhanced the increase in [Ca2+]i provoked
by 5 mM H2O2 (Table 3) or by 10 nM bradykinin (data not

shown). The latter enhancement of [Ca2+]i elevation may be
explained by the direct action of DIDS to open Ca2+ channels
demonstrated earlier by other investigators (GoÈ gelein &

PfannmuÈ ller, 1989; Kawasaki & Kasai, 1989). These in turn
suggested that DIDS inhibited the xanthine/xanthine oxidase-
provoked [Ca2+]i elevation through a mechanism other than

direct inhibition of Ca2+ channels. Taking these ®ndings
together, it is likely that .O2

7 and H2O2 yielded from xanthine/
xanthine oxidase reciprocally provoked [Ca2+]i elevation, and

Table 2 Maximum [Ca2+]i of cultured porcine aortic
endothelial cells exposed to xanthine/xanthine oxidase

Drugs [Ca2+]i max (nM)
Ni2+ (2.0 mM) (7) (+)

Basal [Ca2+]i
Xanthine/xanthine oxidase

+allopurinol (400 mM)
+Catalase (30 u ml71)
+Catalase (300 u ml71)
+SOD (300 u ml71)
+DIDS (300 mM)
+DMPO (90 mM)
+o-phenanthroline (100 mM)
+Deferoxamine (100 mM)

101+5
415+62*
122+5{
276+45*
143+18{
381+39*
136+14{
215+36{
167+28{
142+18{

47+2{
182+21{*
59+5{{
55+3{{
48+4{{
90+15{{
80+2{{
64+5{{
90+7{{
119+4{{

Cultured porcine aortic endothelial (PAE) cells were exposed
to 0.02 u ml71 xanthine oxidase at 378C under continuous
perfusion at 1 ml min71 with HBSS containing 100 mM
xanthine+various agents (pH 7.4). [Ca2+]i was measured
by using fura-2 ¯uorometry. Data are expressed as mean+
s.e.mean of 4 ± 7 separate experiments. *Signi®cant di�erence
from basal [Ca2+]i (P50.01). {Signi®cant di�erence from
absent Ni2+ (P50.05). {Signi®cant di�erence from
xanthine/xanthine oxidase (0.02 m ml71) (P50.01).

Figure 2 Representative recordings of the change in [Ca2+]i of
cultured porcine aortic endothelial (PAE) cells exposed to xanthine/
xanthine oxidase at 378C in the presence of Ni2+. [Ca2+]i was
measured by using fura-2 ¯uorometry: (a) PAE cells were perfused
with HBSS containing 100 mM xanthine and 2.0 mM Ni2+ (pH 7.4,
1 ml min71). (*) Addition of 0.02 u ml71 xanthine oxidase (XO).
(*) PAE cells were washed with HBSS to remove Ni2+ and
xanthine/xanthine oxidase; (b) PAE cells were preloaded with 0.2 mM
thapsigargin (*) before the addition of 0.2 u ml71 xanthine oxidase
(*). The traces shown were obtained from a batch of experiments
using PAE cell monolayers split from the same origin. Similar results
were obtained from at least three separate cell preparations cultured
from di�erent donors.

Table 3 Maximum [Ca2+]i of cultured porcine aortic
endothelial cells exposed to hydrogen peroxide

H2O2 [Ca2+]imax (nM)

Basal
100 mM
300 mM
1 mM

5 mM

5 mM +DIDS (300 mM)

100+6
108+3
110+5
293+58*
458+37*
643+487*{

Cultured porcine aortic endothelial (PAE) cells were exposed
to various concentrations of hydrogen peroxidase (H2O2) at
378C under continuous perfusion at 1 ml min71 with HBSS
(pH 7.4). When disodium 4,4'-diisothiocyano-2,2'-stilbenedi-
sulphonic acid (DIDS) was used, PAE cells were preincu-
bated with 300 mM DIDS for 15 min prior to the exposure to
H2O2. [Ca2+]i was measured by using fura-2 ¯uorometry.
Data are expressed as mean+s.e.mean of three separate
experiments. *Signi®cant di�erence from basal [Ca2+]I
(P50.05). {Signi®cant di�erence from 5 mM H2O2

(P50.05).
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that .O2
7 in¯ux through anion channels in the cell membrane,

but not that the presence of extracellular .O2
7, was required

for the [Ca2+]i elevation.

Involvement of intracellular transition metals in the
cytosolic Ca2+ movements provoked by xanthine/
xanthine oxidase

To further assess the precise mechanisms of xanthine/xanthine
oxidase-provoked [Ca2+]i elevation, e�ects of a

.OH scavenger

and iron chelators on the cytosolic Ca2+ movements were then
evaluated since the transition metal(s)-catalyzed cleavage of
H2O2 in the presence of .O2

7 (i.e., Haber-Weiss cycle) has been

implicated in the generation of .OH in endothelial cells (Az-ma
et al., 1996; Zweier et al., 1988; 1994a, b). A 5 min pre- and co-
incubation of PAE cells with an oxygen free radical scavenger,

DMPO (90 mM), inhibited the [Ca2+]i elevation (Figure 1e),
suggesting that .OH generation was involved in the xanthine/
xanthine oxidase-provoked cytosolic Ca2+ movements. Pre-
(15 min) and co-incubation of PAE cells with 100 mM o-

phenanthroline, an iron chelator that is known to pass through
cell membrane (Gopalakrishna et al., 1994), inhibited the rise
in [Ca2+]i (Figure 1f). The other cell membrane permeable iron

chelator, deferoxamine (100 mM; Britigan et al., 1992), also
signi®cantly suppressed the [Ca2+]i elevation (Table 2).
Because the incubation bu�er of PAE cells used in the

experiment was free from transition metals (see Methods and
Az-ma et al., 1996), it is suggested that these agents decreased
the xanthine/xanthine oxidase-provoked [Ca2+]i elevation by

inhibiting .OH generation through the chelation of intracel-
lular iron or other transition metals.

E�ects of sulphydryl-reducing agents on the cytosolic
Ca2+ movements provoked by xanthine/xanthine oxidase

The removal of xanthine/xanthine oxidase slighly enhanced the

gradual decrease in [Ca2+]i following a prompt [Ca2+]i
elevation provoked by the exposure of PAE cells to this
exogenous oxidant generator (Figure 3a). However, a

sustained increase in [Ca2+]i was still observed after the
removal of xanthine/xanthine oxidase as shown in Figure 2a,
indicating that Ca2+ in¯ux from the extracellular space
through Ca2+ channels continued after the exposure to

xanthine/xanthine oxidase. Extracellular addition of sulphy-
dryl (SH)-reducing agents, dithiothreitol (DTT; 51.0 mM) or
reduced form of glutathione (GSH; 510 mM), accelerated the

decrease in [Ca2+]i observed after the removal of xanthine/
xanthine oxidase (Figure 3b and c). In contrast, addition of
oxidant inhibitors (SOD, catalase, DMPO, and o-phenanthro-

line) failed to accelerate the decrease in [Ca2+]i (Figure 3c).
These results suggested that xanthine/xanthine oxidase
modulated the function of cell-membrane Ca2+ channels to

stimulate Ca2+ in¯ux from the extracellular space, and that
SH-reducing agents reversed the function of Ca2+ channels
modulated by oxidative stress.

Involvement of .OH in the Ca2+ release from
intracellular Ca2+ stores

E�ects of oxidant inhibitors on Ca2+ release from intracellular
sources provoked by xanthine/xanthine oxidase were then
evaluated in the presence of 2.0 mM Ni2+ (Table 2). Inhibitors

of .OH generation from the Haber-Weiss cycle suppressed the
[Ca2+]i elevation provoked by xanthine/xanthine oxidase
(Figure 4), suggesting that the intracellular transition metal-
dependent .OH generation was involved in the Ca2+ release

from intracellular Ca2+ stores as well as the Ca2+ in¯ux
through the cell membrane Ca2+ channels. However, SOD
(530 u ml71) also inhibited the [Ca2+]i elevation in contrast to

the lack of its e�ect on the cytosolic Ca2+ movements in the

Figure 3 (a, b) Representative recordings of the change in [Ca2+]i of
cultured porcine aortic endothelial (PAE) cells exposed to xanthine/
xanthine oxidase followed by their removal in the absence or the
presence of 1 mM dithiothreitol (DTT). [Ca2+]i was measured by
using fura-2 ¯uorometry. PAE cells were exposed to 0.02 u ml71

xanthine oxidase at 378C under continuous perfusion at 1 ml min71

with HBSS containing 100 mM xanthine (pH 7.4): (a) after the
addition of xanthine oxidase, PAE cells were washed with HBSS to
remove xanthine/xanthine oxidase; (b) after the addition of xanthine
oxidase, PAE cells were washed with HBSS to remove xanthine/
xanthine oxidase, followed by the addition of 1 mM DTT. (*)
Addition of xanthine oxidase (XO). (*) Removal of xanthine/
xanthine oxidase. (&) Addition of DTT. The traces shown were
obtained from a batch of experiments using PAE cell monolayers
split from the same origin. Similar results were obtained from at least
three separate cell preparations cultured from di�erent donors. (c)
E�ects of oxidant inhibitors and SH-reducing agents on the sustained
increase in [Ca2+]i provoked by xanthine/xanthine oxidase. Each
agent was added to PAE cells at approximately 5 min after the
removal of xanthine/xanthine oxidase (see, Figure 3b). The [Ca2+]i of
PAE cells at 15 min after the removal of xanthine/xanthine oxidase
was shown as % decrease, assuming a basal [Ca2+]i of 0% and that
obtained at the removal of xanthine/xanthine oxidase to be 100%,
respectively. Data are expressed as mean+s.e.mean of four separate
experiments. *Signi®cant di�erence from HBSS (i.e., no agent was
added after the removal of xanthine/xanthine oxidase) (P50.01).
CAT, catalase (300 u ml71); SOD, superoxide dismutase
(300 u ml71); DMPO, 5,5-dimethyl-1-pyrroline-N-oxide (90 mM); o-
PH. o-phenanthroline (100 mM); DTT, dithiothreitol (1 mM); GSH,
reduced form of glutathione (10 mM).
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absence of Ni2+ (Figure 1d), implicating that Ca2+ release
from intracellular sources was regulated by .O2

7 directly and/
or indirectly through unclear mechanisms other than the

Haber-Weiss cycle.

E�ects of Ca2+ channel blockers and oxidant inhibitors
on the cellular respiration of PAE cells exposed to
xanthine/xanthine oxidase

In the presence of 100 mM xanthine, cellular respriation of PAE
cells was concentration-dependently decreased by xanthine
oxidase (Figure 5). Ni2+ (2.0 mM) signi®cantly inhibited the

xanthine/xanthine oxidase-provoked change in cellular respira-
tion, suggesting that the increase in [Ca2+]i, especially due to
Ca2+ in¯ux through the cell membrane Ca2+ channels, was

responsible for the xanthine/xanthine oxidase-provoked in-
hibition of cellular respiration. DTT (1 mM) also suppressed
the change in cellular respiration. In contrast, SOD, which

failed to decrease the Ca2+ in¯ux provoked by xanthine/
xanthine oxidase, did not interfere with the change in cellular
respiration, also supporting the involvement of Ca2+ in¯ux in

the suppression of cellular respiration. However, inhibitors of
.OH generation through the Haber-Weiss cycle (catalase,
DMPO, o-phenanthroline, and deferoxamine) suppressed the
change in cellular respiration more potently than Ni2+ or

DTT, indicating that cytosolic Ca2+ movements did not
perfectly account for the xanthine/xanthine oxidase-provoked
change in cellular respiration.

Discussion

In the present study, we demonstrated that xanthine/xanthine
oxidase-provoked cytosolic Ca2+ movements in endothelial

cells consisted of two separate processes: Ca2+ release from the
intracellular sources was involved in the initial increase in
[Ca2+]i provoked by xanthine/xanthine oxidase. However,
Ca2+ in¯ux from the extracellular space through Ca2+

channels appeared to be the principal source of Ca2+

movements because the xanthine/xanthine oxidase-provoked
rise in [Ca2+]i continued after the removal of this oxidant

generator as well as during the exposure, while Ca2+ channel
blockers decreased [Ca2+]i to basal levels after an initial
transient [Ca2+]i elevation. Similar results have been reported

Figure 4 Representative recordings of the change in [Ca2+]i of
cultured porcine aortic endothelial (PAE) cells exposed to
0.02 u ml71 xanthine oxidase in the presence of Ni2++various
oxidant inhibitors at 378C. [Ca2+]i was measured by using fura-2
¯uorometry: (a) PAE cells were perfused at 1 ml min71 with HBSS
containing xanthine (100 mM), Ni2+ (2.0 mM)+superoxide dismutase
(SOD; 30 u ml71) (pH 7.4); (b) same condition as in (a) except that
HBSS contained catalase (30 u ml71) instead of SOD; (c) same
condition as in (a) except that HBSS contained o-phenanthroline
(100 mM) instead of SOD. (*) Addition of xanthine oxidase (XO).
The shown traces were obtained from a batch of experiments using
PAE cell monolayers split from the same origin. Similar results were
obtained from at least three separate cell preparations cultured from
di�erent donors.

Figure 5 E�ects of various agents on the change in cellular respiration of cultured porcine aortic endothelial (PAE) cells exposed to
xanthine/xanthine oxidase for 30 min at 378C (pH 7.4). The cellular respiration was measured by the conversion of 3-(4,5-dimethyl-
2-thiazolyl)2-5,-diphenyl-2H tetrazolium bromide (MTT) to its formazan during the 4 h incubation, following the removal of
xanthine/xanthine oxidase and other agents: (a) PAE cells were exposed to various concentrations of xanthine oxidase (XO) in the
presence of 100 mM xanthine+2.0 mM Ni2+. *Signi®cant di�erence from absent Ni2+ (P50.01). }Signi®cant di�erence from absent
XO (P50.01); (b) PAE cells were exposed to 100 mM xanthine and 0.02 u ml71 xanthine oxidase (X/XO) for 30 min in the absence
or the presence of various agents. *Signi®cant di�erence from X/XO (P50.05). **Signi®cant di�erence from X/XO (P50.01). Data
are expressed as mean+s.e.mean of 4 ± 6 separate experiments. SOD, superoxide dismutase (300 u ml71); CAT, catalase
(30 u ml71); DMPO, 5,5-dimethyl-l-pyrroline-N-oxide (90 mM); o-PH, o-phenanthroline (100 mM); DEF, deferoxamine (100 mM);
DTT, dithiothreitol (1 mM); Ni2+ (2.0 mM).
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from other investigators using canine venous endothelial cells
(Doan et al., 1994) or A7r5 rat aortic smooth muscle cells
(Roveri et al., 1992) exposed to H2O2. Therefore, we ®rst

emphasize the discussion concerning the mechanisms involved
in the xanthine/xanthine oxidase-provoked Ca2+ in¯ux
through Ca2+ channels existing in the endothelial cell
membrane. The choice of this enzymic, thus, exogenous

oxidant generating system, which concurrently yields .O2
7

and H2O2, also made it possible to analyse the sites of action at
which these oxidant species in¯uence Ca2+ channels and the

involvement of .OH generation in Ca2+ movements.
We demonstrated that the cell-membrane permeable iron

chelators, o-phenanthroline (Gopalakrishna et al., 1994) and

deferoxamine (Britigan et al., 1992) as well as a .OH scavenger,
DMPO, inhibited the xanthine/xanthine oxidase-provoked
[Ca2+]i elevation, leading to our idea that the generation of
.OH through intracellular iron or other transition metal(s)-
catalyzed Haber-Weiss cycle (equations 1 ± 3) is implicated in
the Ca2+ in¯ux provoked by xanthine/xanthine oxidase.

�Oÿ2 � Fe3� ÿ! Fe2� �O2 �1�
H2O2 � Fe2� ÿ! Fe3� �� OH�OHÿ �2�

�Oÿ2 �H2O2 ÿ! �OH�OHÿ �O2
�3�

The inhibitory e�ect of catalase on this Ca2+ movement also
supports the involvement of the Haber-Weiss cycle since the
reaction of H2O2 with the reduced form of transition metals is

the ®nal step for .OH generation (Equation 2). It is also
noteworthy that the anionic action of .O2

7 appears to
in¯uence its cell-membrane transport, which di�ers from those

of the other reactive oxygen metabolites (H2O2 and .OH).
Growing evidence from several types of cells shows that anion
channel inhibitors decrease .O2

7 movements across the cell
membrane (Ikebuchi et al., 1991; Kontos et al., 1985;

Masumoto et al., 1992; Nozik-Grayck et al., 1997; Terada et
al., 1992; Terada, 1996). In the present study, we con®rmed
that an anion channel blocker, DIDS, potently inhibited the

xanthine/xanthine oxidase-provoked [Ca2+]i elevation, sug-
gesting that .O2

7 in¯ux through anion channels is responsible
for the xanthine/xanthine oxidase-provoked Ca2+ movements.

Since .OH generation through the Haber-Weiss cycle requires
a reciprocal action of .O2

7 and H2O2 catalyzed by transition
metals, the inhibition by DIDS of exogenous oxidants-

provoked [Ca2+]i elevation also supported our concept that
the generation of .OH occurs intracellularly.

In contrast to the inhibitory e�ect of DIDS on xanthine/
xanthine oxidase-provoked cytosolic Ca2+ movements, extra-

cellular addition of SOD did not inhibit the Ca2+ in¯ux from
the extracellular space. The mechanism for the lack of e�ect of
SOD against the Ca2+ in¯ux was unclear in the present study.

However, we and other investigators have previously demon-
strated that SOD increases Fe3+-dependent .OH generation
from xanthine/xanthine oxidase through the enhanced genera-

tion of H2O2 (Az-ma et al., 1996; Britigan et al., 1986). This
may explain why a single application of SOD cannot block the
xanthine/xanthine oxidase-provoked Ca2+ in¯ux, in which the
generation of .OH catalyzed by intracellular transition metals

is suggested to be involved.
It has been reported that oxidant species alter the time

constant of Ca2+ channel gating to activate Ca2+ transport

through the sarcoplasmic reticulum Ca2+ channel (Boraso &
Williams, 1994) or the L-type Ca2+ channel (Coetzee & Opie,
1992) in cardiac myocytes using patch clamp techniques.

Boraso & Williams (1994) further demonstrated that oxidant-
provoked change in Ca2+ channel gating is inhibited by a SH-

reducing agent, DTT, suggesting that the redox state of SH-
residue(s) in Ca2+ channel proteins in¯uences the function of
these channels. The reversible e�ect of SH-reducing agents on

the H2O2-provoked [Ca2+]i elevation in smooth muscle cells
was also reported by the other investigators (Roveri et al.,
1992; Krippeit-Drews et al., 1995). From this point of view, it
is interesting in the present study that the extracellular addition

of DTT or GSH counteracted the xanthine/xanthine oxidase-
provoked Ca2+ in¯ux into endothelial cells, suggesting that
Ca2+ channels existing in the endothelial cell membrane

possess functionally important SH-groups, the redox state of
which can be accessible from outside of the cell membrane,
although xanthine/xanthine oxidase-provoked Ca2+ in¯ux

appeared to be regulated by .OH generated through
intracellular mechanisms as discussed above.

It is suggested that the xanthine/xanthine oxidase-provoked

Ca2+ release from intracellular pools was also regulated by the
intracellular transition metal-dependent .OH generation,
because the inhibitors of Haber-Weiss cycle potently sup-
pressed the [Ca2+]i elevation in the presence of Ni2+. The

involvement of the Haber-Weiss cycle in the xanthine/xanthine
oxidase-provoked cytosolic Ca2+ movements from both
intracellular and extracellular sources was thus strongly

indicated, while several of our results further implied that
.O2

7 regulates these cytosolic Ca2+ movements directly and/or
indirectly through unknown mechanisms other than Haber-

Weiss cycle: (1) DIDS potently suppressed the Ca2+ in¯ux
through the cell membrane Ca2+ channels although iron
chelators incompletely inhibited it; (2) a single application of

SOD potently decreased the Ca2+ release from intracellular
sources. The .NO production in endothelial cells may be
considered as an alternative pathway to interfere with the
xanthine/xanthine oxidase-provoked cytosolic Ca2+ move-

ments because .NO is known to react with .O2
7 to yield

peroxynitrite anion (ONOO7), a reactive intermediate exhibit-
ing .OH-like oxidant activity (Az-ma et al., 1996; Beckman et

al., 1990). However, it is unlikely that ONOO7 is responsible
for the xanthine/xanthine oxidase-provoked increase in [Ca2+]i
because the production of .NO/ONOO7 follows the establish-

ment of [Ca2+]i elevation, which is required for the stimulation
of constitutive form of .NO synthase in endothelial cells
(Moncada et al., 1991; Pollock et al., 1991). Indeed, we
con®rmed that a L-arginine/.NO pathway antagonist (NG-

monomethyl L-arginine) did not in¯uence the cytosolic Ca2+

movements provoked by xanthine/xanthine oxidase (data not
shown). Further evaluation using other intracellular probes is

thus required to clarify the proximal action of .O2
7 to

in¯uence the cytosolic Ca2+ movements.
The pathophysiological interpretation of oxidant-provoked

cytosolic Ca2+ elevation remains to be established. However,
we demonstrated in the present study that a Ca2+ channel
blocker, Ni2+, suppressed the cytotoxicity of xanthine/

xanthine oxidase in endothelial cells de®ned as the inhibition
of cellular respiration. Inhibitors of the Haber-Weiss cycle, by
which xanthine/xanthine oxidase-provoked Ca2+ in¯ux was
decreased, also suppressed the changes in cellular respiration

provoked by xanthine/xanthine oxidase, suggesting that
[Ca2+]i elevation, as well as

.OH generation itself, is involved
in the cytotoxicity of oxidative stress in endothelial cells.

Several other reports supported that the blockade of [Ca2+]i
elevation decreases oxidant-associated cytotoxicity in a variety
of types of cells (Josephson et al., 1991; Murata et al., 1994;

Rojanasakul et al., 1993; Ueda & Shah, 1992). It has been
reported that proteolytic activities of cysteine proteases
existing in mammalian cells (e.g., calpain) is regulated by
[Ca2+]i (Mirabelli et al., 1989; Nicotera et al., 1986; Tsujinaka
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et al., 1988). Thus, the stimulation of these proteases has been
suggested for a possible explanation of Ca2+-dependent
cytotoxicity (Nicotera et al., 1986; Murata et al., 1994).

Murata et al. (1994) have demonstrated that a calpain
inhibitor decreases oxidant-provoked and Ca2+-associated
cytotoxicity in hepatic cells. Again, the regulation of .NO
production by [Ca2+]i in endothelial cells raises a question

concerning the Ca2+-associated cytotoxicity; i.e., does the
.NO/ONOO7-pathway interfere with the oxidant-provoked
cytotoxicity? However, the roles of .NO in the cytotoxicity of

oxidative stress are additionally complex: we have previously
observed that the enhancement of .NO production promotes
acute endothelial cell death provoked by xanthine/xanthine

oxidase (Az-ma et al., 1996), while endothelial cell-derived
.NO has been reported to inhibit the adhesion of leukocytes

(Niu et al., 1994), the most important oxidant generator in
vivo.

In conclusion, Ca2+ in¯ux through the cell membrane Ca2+

channels as well as Ca2+ release from intracellular Ca2+ stores
is modulated by intracellular transition metals-catalyzed .OH
generation in endothelial cells exposed to xanthine/xanthine
oxidase. The change in cellular respiration provoked by

oxidative stress is partly regulated by cytosolic Ca2+ move-
ments.
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Japan (No. 09771160). We thank Ms C. Uenodo and M. Sumiyama
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