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Hydrogen peroxide induces apoptosis of chondrocytes; involvement
of calcium ion and extracellular signal-regulated protein Kinase

S. Asada, K. Fukuda, F. Nishisaka, M. Matsukawa and C. Hamanisi

Department of Orthopaedic Surgery, Kinki University School of Medicine. Ohno-higashi 377-2, Osaka-sayama, Osaka 589-8511, Japan,

Fax: 723 660206, e-mail: k-fukuda@med.kindai.ac.jp

Received 9 March 2000; returned for revision 1 May 2000; accepted by W.B. van den Berg 24 August 2000

Abstract. Objective: Recent observations demonstrated that
reactive oxygen species facilitate cartilage degradation. We
demonstrated that hydrogen peroxide (H,O,) caused inhibi-
tion of proteoglycan synthesis, induction of apoptosis and
stimulation of extracellular signal-regulated protein kinase
(ERK) of the chondrocytes (Inflamm Res 48: 399-403,
1999). To determine whether activation of ERK is involved in
the induction of chondrocyte apoptosis, we examined the sig-
nal transduction pathways in this hydrogen peroxide induced
apoptosis.

Design: Bovine articular chondrocytes were cultured. To
determine the induction of apoptosis, Annexin V staining and
terminal deoxynucleotidyl transferase were used. The activ-
ity of caspase-3 was measured using an apopain assay Kkit.
Intracellular Ca*" imaging was observed after fura2-AM loa-
ding.

Results: Hydrogen peroxide enhanced annexin V positive
apoptotic cells and caspase-3 activity, which is an executor of
apoptosis. Hydrogen peroxide also enhanced intracellular
Ca?" and preincubation with the intracellular Ca?" chelator
protected chondrocytes against hydrogen peroxide-induced
cell apoptosis, indicating that an increase in the cytosolic
Ca?" plays a decisive role in this action. When ERK activity
was blocked with geldanamycin and PD098059, increased
apoptosis was evident.

Conclusion: Hydrogen peroxide induces chondrocyte
apoptosis via Ca*" signaling, and ERK is involved in these
signal transduction pathways.
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Introduction

Chondrocytes, differentiated cells embedded in an avascular
matrix, are exposed to partial pressures of oxygen and exhibit
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a predominantly anaerobic metabolism. Accordingly, chon-
drocytes are susceptible to the attack of reactive oxygen spe-
cies (ROS). We have investigated the induction of ROS, such
as superoxide anion (O5), nitric oxide (NO) and peroxynitrite
(ONOO-), in bovine articular chondrocytes and found that
these ROS play an important role in cartilage degradation
[1—4]. In addition to these ROS, Schalkwijk, et al. reported
the significant role of hydrogen peroxide (H,0,) in cartilage
destruction in vivo [5]. Recently, we demonstrated that
hydrogen peroxide induced the apoptosis of the chondrocy-
tes [6].

The two most widely described forms of cell death are
necrosis and apoptosis. The criteria for determining whether
a cell is undergoing apoptosis versus necrosis include distinct
morphological changes, as well as alterations in biochemical
and molecular markers, such as terminal deoxynucleotidyl
transferase (TdT, TUNEL) and annexin V [7]. Another dis-
tinction between necrotic and apoptotic cells is the require-
ment for new mRNA and protein expression during the early
stages of apoptosis, which is restricted to specific cell types
and stimuli. Of those, caspase proteases are essential ele-
ments of apoptotic signaling pathways [8]. In the present
study, we examined whether hydrogen peroxide promotes
caspase 3 activity, which degradates a variety of cytoplasmic
and nuclear proteins [9], in the chondrocytes.

The production of ROS has been thought for a long time
to adversely affect the physiology and survival of a cell.
There is now a growing body of evidence to suggest that ROS
can influence the growth, as well as death, of animal cells in
vitro through the activation of multiple signalling pathways
that influence the cytotoxicity observed in affected cells [10,
11], including the phosphorylation cascades leading to the
activation of mitogen-activated protein kinases (MAPKs).
MAPKs, which include extracellular signal-regulated protein
kinase (ERK), c-Jun N-terminal kinase/stress-activated pro-
tein kinase (JNK/SAPK) and p38 subfamilies, are important
regulatory proteins through which various extracellular sig-
nals are transduced into intracellular events [12].

Treatment of chondrocytes with hydrogen peroxide
resulted in the induction of apoptosis accompanied by tran-
sient activation of ERK [6]. However, the important question
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remained, whether transient activation of ERK is involved in
the induction of chondrocyte apoptosis.

The purpose of this study is to determine the signal trans-
duction pathways that participate in this hydrogen peroxide
induced apoptosis.

Materials and methods

Materials

Dulbecco’s modified Eagle’s medium (DMEM), penicillin/streptomy-
cin/amphotericin B and neomycin were obtained from Gibco (Grand
Island, NY). Fetal bovine serum (FBS) was purchased from HyClone
(Logan, UT) and hydrogen peroxide was purchased from Sigma (St.
Louis, MO). Bis-(0-aminophenoxy) —N,N,N,N"— tetraacetic acid ace-
toxymethyl ester (BAPTA-AM) was purchased from Wako Pure Chem-
ical Industries. Annexin V-FITC and fura-2 (fura-2-AM) were purchas-
ed from Molecular Probes (Eugene, OR) and Treigen, Inc.(Gaithers-
burg, MD), respectively.

PD098059 and geldanamycin were purchased from Calbiochem
(LaJolla, CA) and dissolved in DMSO and stored as 10 mM stock solu-
tions.

Chondrocyte culture

Articular cartilage slices were taken from the condylar ridge of meta-
carpophalangeal joints of freshly slaughtered calves approximately 10
months of age. Care was taken to exclude the underlying marrow. Chon-
drocytes were obtained by enzymatic dissociation [13]. They were seed-
ed at a density of 2 x 10° cells/ml for the measurement of PG synthesis
and ERK kinase in 96-well plates (Becton Dickinson, NJ). The culture
medium was DMEM, supplemented with penicillin-streptomycin-fun-
gizone and 10% FBS at 37°C in a 5% CO, environment. Six or twelve
replicates per treatment group were run for each experiment.

Apoptosis assays

To determine the induction of apoptosis, chondrocytes were seeded at a
density of 2 x 10° cells/ml in 24-well culture plates. Culture conditions
were described above. Annexin V staining was accomplished follow-
ing the product instructions (Clontech, Palo Alto. CA). In brief, 10 pl
of Annexin V-FITC (1 mg/ml) and 10 pl of propidium iodide (PI,
2.5 mg/ml) were added to the samples for 5 to 15 min in the dark. The
cells were analyzed under a laser scanning confocal microscope (MRC
2400 LSX imaging system; Bio-Rad, Hercules, CA) equipped with an
argon laser adjusted to an output of 250 mW at 488 nm excitation,
525 nm emission. A minimum of 100 cells were counted. We defined
Annexin V positive and PI negative cells (Annexint+/PI-) as apoptosis.

We also determined the chondrocyte apoptosis using TUNEL assay,
as described previously [6].

Measurement of caspase activities

The activity of caspase-3 was measured using the FluorAce™ apopain
assay kit (Bio-Rad, CA). Briefly, cells were collected by centrifugation,
washed twice with phosphate-buffered saline without Ca?* or Mg?*, and
lysed in apopain lysis buffer (10 mM Hepes buffer, pH 7.4, 2 mM
EDTA, 0.1% CHAPS, 5 mM dithiothreitol, ] mM PMSE, 10 pg/pepsta-
tin A, 10 pg/aprotinin, 20 pg/leupeptin). After centrifugation at 10,000
x g for 10 min at 4 °C, the supernatants were removed. 40 pl of reaction
buffer, 10 pl of 7-Amino-4-trifluoromethyl coumarin (AFC)-conjugat-
ed peptide substrate (acetyl-Asp-Glu-Val-Asp-AFC, Ac-DEVD-AFC,
[14]) and 950 pl of water were added on the cell lysates. After incuba-
tion at 30 °C for 1 h, reactions were stopped by adding 2 ml of ice-cold
PBS, and the levels of released AFC were measured using a spectro-

S. Asada et al. Inflamm. res.

fluorometer (CytoFlour series4000, Perseptive Biosystems Framing-
ham, MA) with excitation at 400 nm and emission at 505 nm. To quant-
ify the enzyme activity, we prepared a calibration curve by plotting AFC
concentration (nanomoles) vs fluorescence change according to the
manufacturer’s instructions.

Ca’* Imaging

Bovine chondrocytes were plated onto Flexiperm-Discs (W. C. Haraeus)
in MEM, supplemented with 10% FCS and cultured for 5 days. Video-
microscopy and Ca?" measurements were then carried out at room tem-
perature and loaded with 1 pM of Fura2-AM as previously described
[15]. The incubation medium contained (in mmol/l) NaCl 140, KC1 5,
MgCl, 1.2, CaCl, 1, glucose 10, and HEPES-NaOH buffer 20, pH 7.4.
The digital fluorescence-imaging system used was an Argus-50 (Hama-
matsu Photonics) that allowed 7 cells to be monitored simultaneously.
Video frames were digitized, integrated in real time, and finally proces-
sed off-line to convert fluorescence data in Ca?* maps. These maps were
generated using the 340/380 nm excitation wavelength ratio method.
The mean values in each area of interest were calculated from sequen-
tial images. Quantitative temporal analyses in spatially restricted areas
were thus obtained throughout the experiment, and fluorescent inten-
sities were measured. To calibrate the ratio (R =340/380) into the con-
centration of Ca?*, we used calcium calibration buffer kits (Molecular
Probes, OR).

Statistical analysis

Results are presented as the mean + SD. Significant differences were
determined by Student’s t-test. A significance level of P <0.05 was used
to reject the null hypothesis.

Results

Hydrogen peroxide-treated cells exhibited morphological
alterations consistent with apoptosis including shrinkage and
membrane blebbing, as we previously reported [6]. These
hallmarks of apoptosis were not evident in the control
(untreated) cells.

One of the earliest markers of apoptosis is the transloca-
tion of phosphatidylserine from the inner to the outer layer of
the plasma membrane [16]. This change can be detected by
testing for binding of the protein annexin V to the cell surface
[7]. To determine whether cells undergo this early apoptotic
change, chondrocytes were cultured in the presence of hydro-
gen peroxide. We found that hydrogen peroxide (300 pM)
induced annexin V binding over the course of a 6 hr incuba-
tion (Fig. 1). In addition to this time course study, we exami-
ned the dose-dependency in hydrogen peroxide-induced
apoptosis after 12 h of treatment. Although little cytotoxicity
was evident at concentrations below 100 pM, there was a
dose-dependent increase in annexin V positive cells up to
500 pM of hydrogen peroxide (Fig. 2).

We also examined the activation of caspase-3 using Ac-
DEVD-AFC as a substrate and found that the treatment of
hydrogen peroxide (300 pM) for 3 h caused the activation of
caspase 3 (Table 1).

In the presence of 300 pM of hydrogen peroxide, cytoso-
lic Ca?" significantly increased in chondrocytes. This re-
sponse was preceded by a short period of latency (5—10 s),
and was characterized by a steep onset to the maximal Ca?*
level, followed by a slower decline to the pre-existing values
(Fig. 3). Fluorescent analyses showed that for 30 determina-
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Fig. 1. Effect of hydrogen peroxide on apoptosis of chondrocytes.
Bovine articular chondrocytes were treated with hydrogen peroxide
(300 pM) for 6 h. At the indicating time, the vital cultures were incubat-
ed with annexin V-FITC and PI. The cells were subsequently analyzed
using the BioRad MRC 2400 confocal scanning laser microscope. We
defined Annexin V positive and PI negative cells (Annexin+/PI-) as
apoptosis. Representative results of 3 different experiments are shown.
The circles and bars show the mean + SD of 12 determinations.
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Fig. 2. Effect of hydrogen peroxide on apoptosis of chondrocytes.
Chondrocytes were cultured in the presence of a different concentration
of hydrogen peroxide for 12 h. Apoptosis was determined by the an-
nexin V binding assay and the percent of apoptotic cells was deter-
mined. Representative results of 2 different experiments are shown. The
circles and bars show the mean + SD of 12 determinations.

tions, the emission ratio (R) peaked at a level of 0.92 + 0.12
from a baseline value of 0.55 = 0.14. When cells were prein-
cubated for 30 min with BAPTA/AM, which is a membrane-
permeable, non-chelating tetra (acetoxymethyl) ester. Follow-
ing uptake by the cell, BAPTA/AM is hydrolyzed by cyto-
solic esterases, yielding the active chelator BAPTA, which
remains intracellular [17]. BAPTA/AM abolished hydrogen
peroxide-increased cytosolic Ca?* (Fig. 4). We also exam-
ined the effect of BAPTA/AM on hydrogen peroxide-in-
duced apoptosis and found that apoptosis was inhibited with
BAPTA/AM (Fig. 5).

We next investigated the influence of ERK activation on
hydrogen peroxide-induced apoptosis in chondrocytes
employing the inhibitor of ERK. Geldanamycin, which is an
ansamycin antibiotic and disrupts tyrosine kinase signaling
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Table 1. Effect of hydrogen peroxide on caspase-3 activity

Exp.1 Exp. 2
Control 82+ 1 95+ 1
Hydrogen peroxide 455 £2% 529 £2%

Chondrocytes were cultured in the absence (control) or presence of
hydrogen peroxide (300 mM) for 3 h, and enzyme activity (nM/10° cell)
was measured using the FluorAec™ apopain assay kit with Ac-DEVD-
AFC as a substrate. Data are expressed as the mean + SD of 4 wells. Two
different experiments were curried out with a different preparation of
bovine chondrcytes. * p>0.01 vs control.
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Fig. 3. Hydrogen peroxide-mediated Ca?* mobilization in articular
chondrocytes. The cells were loaded with fura-2 AM, and hydrogen
peroxide was added (arrowhead). The ratio signals (340/380 nm) were
recorded, and the concentration was calibrated, using calcium calibra-
tion buffer kits. One representative experiment of four is shown.

[18], treatment resulted in an increase in the numbers of
annexin V positive cells. Some degree of annexin V positive
cells were evident as early as 1 h after treatment, and a signi-
ficant percentage of annexin V positive cells were observed
by 4 h. When cells were pretreated with 20 pM of PD098059
for 1 h before the addition of 300 pM of hydrogen peroxide,
there was a significant increase in annexin V positive cells
(Fig. 6). Neither geldanamycin (2 pM) nor PD098059
(20 pM) alter the percentage of apoptotic cells (data not
shown). To further confirm the induction of apoptosis, we
performed a TUNEL assay to detect DNA breakage that
occurs during stage of apoptosis. Geldanamycin leads to an
increase in the numbers of TUNEL-positive cells (Fig. 7).

Discussion

Growing evidence suggests that chondrocyte apoptosis plays
an important role in the degradation of articular cartilage in
cases of human osteoarthritis [19] and rheumatoid arthritis
[20]. We demonstrated that hydrogen peroxide induced
apoptosis of chondrocytes using the “TUNEL” assay [6]. In
the present study, we demonstrated the time- and dose-
dependent induction of apoptosis with hydrogen peroxide
using an annexin V binding assay. It should be noted that the
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Fig. 4. Effect of BAPTA/AM on hydrogen peroxide-increased cyto-
solic Ca?*. When cells were preincubated for 30 min with different con-
centrations of BAPTA/AM, BAPTA/AM abolished 300 pM of hydro-
gen peroxide-increased cytosolic Ca?". Representative results of 2 dif-
ferent experiments are shown. The columns and bars show the mean +
SD of 12 determinations. *P<0.01.

Fig. 5. Effect of BAPTA/AM on hydrogen peroxide-mediated Ca?*
mobilization in articular chondrocytes. Cells were pre-cultured in the
presence of BAPTA/AM (1 pM) for 24 h. Hydrogen peroxide (300 pM)
was added for 6 h, and apoptosis was determined by the annexin V bind-
ing assay. After 1 h, the vital cultures were incubated with annexin V-
FITC and PI. The cells were subsequently analyzed using the BioRad
MRC 2400 confocal scanning laser microscope. a: Merged image of
annexin V fluorescence and PI. b: Pretreatment with BAPTA/AM. x400.

ratio of annexin V positive cells reduced with over 500 pM
of hydrogen peroxide. A higher concentration of hydrogen
peroxide could cause necrosis of the chondrocytes rather
than apoptosis, and hydrogen peroxide-induced apoptosis
may occur only under a very narrow concentration range.
We also demonstrated the hydrogen peroxide-enhanced
caspase-3 activity, which is a executor of apoptosis [6], using
caspase-3/apopain kit. Caspase 3/apopain is derived from
proenzyme CPP32 at the onset of apoptosis and plays a pi-
votal role in programmed cell death. Among the many mem-
bers of the interleukin-1 B-converting enzyme protease fam-
ily recently described throughout the literature, apopain ex-
hibits the highest similarity to the C. elegans cell death gene
in both sequence homology and substrate specificity [21].
Therefore, apopain activity appears to be a suitable indicator
of critical apoptosis biochemistry. Previous researchers have
reported that hydrogen peroxide inhibits caspase activity in
Jurkat cells [22] and concluded that hydrogen peroxide might
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Fig. 6. Effect of geldanamycin and PD098059 on hydrogen peroxide-
induced apoptosis. Chondrocytes were precultured in the presence of
geldanamycin (2 pM) or PD098059 (20 pM ) for 1 h before the addition
of 300 pM of hydrogen peroxide. Cells were further cultured for 1 h,
and they were incubated with annexin V-FITC and PI. The percent of
apoptotic cells was determined. Representative results of 2 different
experiments are shown. The columns and bars show the mean + SD of
12 determinations. *P <0.01.

Fig. 7. Effect of geldanamycin on hydrogen peroxide-induced apopto-
sis. Chondrocytes were precultured in the presence of geldanamycin
(1 pM) for 6 h before the addition of 100 pM of hydrogen peroxide.
Cells were further cultured for 12 h and apoptosis was determined by a
“TUNEL” assay. a: non-treated control, b: hydrogen peroxide without
geldanamycin pretreatment. c: hydrogen peroxide with geldanamycin
pretreatment.

act by inhibiting the caspases directly. Our data do not sup-
port such a conclusion.

The significance of hydrogen peroxide-induced apopto-
sis is unclear. Although it is possible that hydrogen peroxide
inhibits proteoglycan synthesis by causing chondrocyte
apoptosis, there is currently insufficient evidence to conclu-
de that the effect of hydrogen peroxide on cartilage degrada-
tion can be accounted for solely by an increase in apoptosis.
It is more likely that hydrogen peroxide inhibits metabolic
pathways that are important for chondrocyte signal transduc-
tion. Recent reports show the involvement of mitochondrial
permeability and the release of cytochrome C in hydrogen
peroxide-induced apoptosis in other cell lines [23, 24].

We next examined the intracellular Ca?* because disrup-
tion of cellular Ca?* homoeostasis and the release of Ca?*
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from intracellular storage into the cytosol is evident in hydro-
gen peroxide-induced cell death in other systems [25]. This
is the first report, to our knowledge, showing enhanced cyto-
solic Ca?* with hydrogen peroxide in the chondrocytes.
Preincubation with the intracellular Ca?* chelator (BAP-
TA/AM) strongly protected chondrocytes against hydrogen
peroxide-induced cell apoptosis. Therefore, an increase in
the cytosolic Ca?" concentration obviously plays a decisive
role in the cytotoxicity of hydrogen peroxide towards artic-
ular chondrocytes.

Previous studies from our laboratory suggested that the
activation of ERK was an important factor in determining the
survival of chondrocytes after treatment with hydrogen per-
oxide [6]. In the present study, through the use of an inhibi-
tor of ERK, we have addressed the relative contributions of
this kinase in influencing the survival of hydrogen peroxide-
treated chondrocytes. Tyrosine kinase inhibitors geldana-
mycin inhibits the activation of ERK, i.e. the Ras/Raf-1/Mek
pathway [18]. This hydrogen peroxide-induced apoptosis
was markedly enhanced with the treatment of geldanamycin.
ERK?2 activation was inhibited by PD098059 [26, 27], sug-
gesting that early ERK activation acts as a factor for surviv-
ing oxidant injury against the cartilage. Aikawa et al. have
recently provided evidence that ERK activation protects car-
diac myocytes from apoptotic death after oxidative stress
[28]. However, it is not clear in this study whether enhanced
hydrogen peroxide-induced apoptosis with these inhibitors is
really mediated via ERK or independent of ERK activity.
Further study is necessary to determine the precise role of
ERK in hydrogen peroxide-induced apoptosis.

In conclusion, 1) hydrogen peroxide induces chondrocyte
apoptosis via Ca?* signalling. 2) ERK is involved in these sig-
nal transduction pathways.

Acknowledgements. This work is supported by a Grant-in-Aid for Scien-
tific Research from the Ministry of Education, Science, Sports and Cul-
ture of Japan (2000).

References

[1] Fukuda K, Dan H, Saito M, Takayama M, Tanaka S. Superoxide
dismutase inhibits interleukin-1-induced degradation of human
cartilage. Agents Actions 1994; 42: 71-3.

[2] Fukuda K, Takayama M, Ueno M, Oh M, Asada S, Kumano F, et
al. Hyaluronic acid inhibits interleukin-1-induced superoxide
anion in bovine chondrocytes. Inflamm Res 1997; 4: 114-7.

[3] Fukuda K, Kumano F, Takayama M, Saito S, Ohtani K, Tanaka S.
Zonal difference in nitric oxide synthesis by bovine chondrocytes
exposed to interleukin-1. Inflamm Res 1995; 44: 434-7.

[4] Oh M, Fukuda K, Asada S, Yasuda Y, Tanaka S. Concurrent gen-

eration of nitric oxide and superoxide inhibits proteoglycan syn-

thesis in bovine articular chondrocytes: involvement of peroxy-

nitrite. J Rheum 1998; 25: 2169-74.

Schalkwijk J, van den Berg WB, van de Putte LB, Joosten LA. An

experimental model for hydrogen peroxide-induced tissue da-

mage. Effects of a single inflammatory mediator on (peri)articular

tissues. Arthritis Rheum 1986; 29: 532-8.

[6] Asada S, Fukuda K, Oh M, Hamanishi C, Tanaka S. Effect of
hydrogen peroxide on the metabolism of articular chondrocytes.
Inflamm Res 1999;4 8: 399403

[7] van Engeland M, Nieland LJ, Ramaekers FC, Schutte B, Reute-
lingsperger CP. Annexin V-affinity assay: a review on an apoptosis

[5

—

23

detection system based on phosphatidylserine exposure. Cytome-
try 1998; 31: 1-9.

[8] Kidd VI. Proteolytic activities that mediate apoptosis. Annu Rev
Physiol 1998; 60: 533-73

[9] Huppertz B, Frank HG, Kaufmann P. The apoptosis cascade-mor-
phological and immunohistochemical methods for its visualiza-
tion. Anat Embryol 1999; 200: 1-18

[10] Kamata H, Hirata H. Redox regulation of cellular signalling. Cell
Signal 1999; 11: 1-14.

[11] Clement MV, Pervaiz S. Reactive oxygen intermediates regulate
cellular response to apoptotic stimuli: an hypothesis. Free Radic
Res 1999; 30: 247-52

[12] Robinson MJ, Cobb MH. Mitogen-activated protein kinase
pathways. Curr Opin Cell Biol 1997; 9: 180-6

[13] Fukuda K, Yamasaki H, Nagata Y, Motoyoshi H, Matsumura F,
Kuno T, et al. Histamine Hl-receptor-mediated keratan sulfate
production in rabbit chondrocytes: involvement of protein kinase
C. Am J Physiol 1991; 261: c413-6.

[14] Nicholson DW, Ali A, Thornberry NA, Vaillancourt JP, Ding CK,
Gallant M, et al. Identification and inhibition of the ICE/CED-3
protease necessary for mammalian apoptosis. Nature 1995; 376:
3743

[15] Ueno M, Fukuda K, Oh M, Asada S, Nishizaka F, Hara F, et al.
Protein kinase C modulates the synthesis of nitric oxide by osteo-
blasts. Calcif Tissue Int 1998; 63: 22-6

[16] Martin SJ, Reutelingsperger CP, McGahon AJ, Rader JA, van
Schie RC, LaFace DM, et al. Early redistribution of plasma mem-
brane phosphatidylserine is a general feature of apoptosis regard-
less of the initiating stimulus: inhibition by overexpression of Bcl-
2 and Abl. J Exp Med 1995; 182: 1545-56

[17] Virag L, Scott GS, Antal-Szalmas P, O’Connor M, Ohshima H,
Szabo C. Requirement of intracellular calcium mobilization for
peroxynitrite-induced poly(ADP-ribose) synthetase activation and
cytotoxicity. Mol Pharmacol 1999; 56: 824-33

[18] Schulte TW, Blagosklonny MV, Romanova L, Mushinski JF,
Monia BP, Johnston JE et al. Destabilization of Raf-1 by geld-
anamycin leads to disruption of the Raf-1-MEK-mitogen-activat-
ed protein kinase signalling pathway. Mol Cell Biol 1996; 16:
583945

[19] Hashimoto S, Ochs RL, Komiya S, Lotz M. Linkage of chon-
drocyte apoptosis and cartilage degradation in human osteoarthri-
tis. Arthritis Rheum 1998; 41: 1632-8

[20] Kim HA, Song YW. Apoptotic chondrocyte death in rheumatoid
arthritis. Arthritis Rheum 1999; 42: 1528-37

[21] Kuida K, Zheng TS, Na S, Kuan C, Yang D, Karasuyama H, et al.
Decreased apoptosis in the brain and premature lethality in
CPP32-deficient mice. Nature 1996; 384: 368—72

[22] Hampton MB, Orrenius S. Dual regulation of caspase activity by
hydrogen peroxide: implications for apoptosis. FEBS Lett 1997,
414: 552-556

[23] Dumont A, Hehner SP, Hofmann TG, Ueffing M, Droge W,
Schmitz ML. Hydrogen peroxide-induced apoptosis is CD95-
independent, requires the release of mitochondria-derived reactive
oxygen species and the activation of NF-kappaB. Oncogene 1999;
18: 747-57

[24] von Harsdorf R, Li PF, Dietz R. Signaling pathways in reactive
oxygen species-induced cardiomyocyte apoptosis. Circulation
1999; 99: 2934-41

[25] Nicotera P, Bellomo G, Orrenius S. The role of Ca?" in cell killing.
Chem Res Toxicol 1990; 3: 484-94

[26] Pang L, Sawada T, Decker SJ, Saltiel AR. Inhibition of MAP Ki-
nase Kinase Blocks the Differentiation of PC-12 Cells Induced
by Nerve Growth Factor. J Biol Chem 1995; 270: 13585-88

[27] Dudley DT, Pang L, Decker SJ, Bridges AJ, Saltiel AR. A synthet-
ic inhibitor of the mitogen-activated protein kinase cascade. Proc
Natl Acad Sci USA 1995; 92: 7686-9

[28] Aikawa R, Komuro I, Yamazaki T, Zou Y, Kudoh S, Tanaka M, et
al. Oxidative stress activates extracellular signal-regulated kinases
through Src and Ras in cultured cardiac myocytes of neonatal rats.
J Clin Invest 1997; 100: 1813-21



