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Although glucocorticoids are known to induce apoptosis in
chondrocytes, the mechanisms for this effect and the potential
antiapoptotic role of IGF-I are unknown. To address this, we
studied the effects of dexamethasone (Dexa) on apoptosis in
the HCS-2/8 chondrocytic cell line. Dexa (25 �M) increased
apoptosis (cell death ELISA) by 39% and 45% after 48 and 72 h,
respectively (P < 0.01 and P < 0.05, respectively). IGF-I (100
ng/ml) decreased Dexa-induced apoptosis to levels similar to
control cells. Apoptosis was associated with cleavage of poly-
ADP-ribose polymerase (PARP) and �-fodrin and activation of
caspases-8, -9, and -3 (Western), an effect that was counter-
acted when chondrocytes were cocultured with Dexa � IGF-I.
Inhibitors for caspases-8, -9, and -3 (50 �M each) equally sup-
pressed Dexa-induced apoptosis (P < 0.01). Time-response ex-
periments showed that caspase-8 was activated earlier (at
12 h) than caspase-9 (at 36 h). We studied the phosphatidyl-
inositol 3�-kinase (PI3K) pathway to further investigate the

mechanisms of Dexa-induced apoptosis. Dexa decreased Akt
phosphorylation by 93% (P < 0.001) without affecting total Akt
and increased the p85� subunit 4-fold. The Akt inhibitor SH-6
(10 �M) increased apoptosis by 54% (P < 0.001). When combin-
ing Dexa with SH-6, apoptosis was not further increased,
showing that Dexa-induced apoptosis is mediated through
inhibition of the PI3K pathway. Addition of IGF-I to SH-6- or
Dexa � SH-6-treated cells decreased apoptosis by 21.2% (P <
0.001) and 20.6% (P < 0.001), respectively. We conclude that
Dexa-induced apoptosis is caspase dependent with an early
activation of caspase-8. IGF-I can rescue chondrocytes from
Dexa-induced apoptosis partially through the activation of
other pathways than the PI3K signaling pathway. Based on
our in vitro data, we speculate that in vivo treatment with
glucocorticoids may diminish longitudinal growth by increas-
ing apoptosis of proliferative growth plate chondrocytes.
(Endocrinology 146: 1391–1397, 2005)

THE USE OF glucocorticoids in humans and animals is
well known to be associated with impaired longitudi-

nal growth (1, 2). The observed growth retardation is ac-
companied by morphological changes in the growth plate,
the structure responsible for longitudinal growth. It becomes
thinner as a result of decreased chondrocyte proliferation
and increased apoptosis, mainly of terminal hypertrophic
chondrocytes (1, 3–5). In vivo and in vitro studies have shown
that glucocorticoids decrease chondrocyte proliferation, alter
their synthetic capacity, and subsequently affect the cartilage
matrix (3, 4, 6).

We have previously shown in rats that in vivo adminis-
tration of dexamethasone (Dexa) increases apoptosis mainly
in terminally differentiated hypertrophic chondrocytes (5).
In these experiments, we also observed that Dexa increased
apoptosis of resting and proliferative chondrocytes even
though the magnitude was less than in hypertrophic cells. A

premature loss of early proliferative growth plate chondro-
cytes by apoptosis could diminish the growth potential and
contribute to the incomplete catch-up growth often observed
after long-term treatment with glucocorticoids (7, 8).

The apoptotic pathway is complex with multiple compo-
nents. Important steps in this cascade are the caspase en-
zymes, a family of proteins responsible for the degradation
of targeted cells to undergo apoptosis. Apoptosis can occur
after the activation of the initiator caspase-8, which subse-
quently activates caspase executors (extrinsic) or after the
activation of the initiator caspase-9 (intrinsic), or through
interplay between these two pathways (9). In addition to
these two caspase-dependent pathways, there is also
caspase-independent apoptosis (10). The phosphatidylino-
sitol 3�-kinase (PI3K)/Akt pathway is viewed as a key player
for cell survival in different cell systems (for reviews, see
Refs. 11 and 12). Inhibition of the PI3K pathway and sub-
sequently Akt phosphorylation seem to be important mech-
anisms of Dexa-induced apoptosis (13, 14). Moreover,
growth retardation has been reported in knockout mice for
Akt1, which demonstrates that Akt is also important for
normal growth (15).

IGF-I promotes growth by increasing cell proliferation and
survival. IGF-I counterbalances glucocorticoid-mediated
growth retardation and increases body weight in Dexa-
treated rats (16), most likely by affecting proliferation, hy-
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pertrophy, and cell survival. The antiapoptotic actions of
IGF-I are well established mainly in vitro but also in vivo
(17–19). IGF-I exerts these actions in a variety of cells chal-
lenged to different apoptotic stimuli, mainly through the
activation of the Akt signaling pathway (20).

This study was designed to investigate whether Dexa
causes apoptosis in proliferative chondrocytes, the mecha-
nisms for this action, and the potential antiapoptotic role of
IGF-I. Because of technical limitations of in vivo experiments
in the growth plate, we chose to study the effects of Dexa in
proliferative HCS-2/8 cells. This is a well-described human
chondrocytic cell line that maintains all the characteristics of
chondrocytes and can be differentiated into hypertrophic
chondrocytes (21).

Materials and Methods
Reagents

Dexa, IGF-1, and BSA were purchased from Sigma-Aldrich, Inc. (St.
Louis, MO). The stock solution of Dexa (25 mm) was initially prepared
in ethanol and diluted 1:1000 to reach a final medium concentration of
25 �m. Human recombinant IGF-I was prepared as a stock solution (100
�g/ml; in PBS with 0.1% BSA) and diluted 1:1000 (100 ng/ml in test
medium). Inhibitors for caspase-3 (Z-DEVD-FMK), caspase-8 (Z-IETD-
FMK), and caspase-9 (Z-LEHD-FMK) were all purchased from R&D
Systems (Minneapolis, MN), dissolved in dimethylsulfoxide and diluted
(1:1000) to reach a final concentration of 50 �m in the medium. Wort-
mannin KY12420 (PI3K inhibitor) and SH-6 (Akt inhibitor) were pur-
chased from Calbiochem (San Diego, CA) and both used at a final
concentration of 10 �m. Polyvinylidene difluoride membrane, and the
ECLplus chemiluminescent system for Western immunoblots were pur-
chased from Amersham Biosciences UK Ltd. (Buckinghamshire, UK).
Protein molecular standards from Bio-Rad Laboratories (Hercules, CA).

Chondrocyte cell culture

The chondrocytic cell line, HCS-2/8 (human chondrosarcoma de-
rived) established by Takigawa et al. (21), was maintained in DMEM
mixed with F12 media (DMEM/F12) supplemented with 20% fetal bo-
vine serum (FBS) and 20 �g/ml gentamycin in humidified air with 5%
CO2. The cells were subcultivated every week and given fresh medium
every 3–4 d. For Western immunoblotting, the cells were seeded in
75-cm2 tissue culture flasks (1.5 � 106 cells/flask) in DMEM/F12 me-
dium containing 20% FBS. After 72 h, when cells were approximately
80% confluent, they were washed with 1� PBS and the medium was
changed to test medium specific for each experiment. Trypsine, PBS,
EDTA, FBS, and DMEM/F12 medium were all purchased from Invitro-
gen Life Technologies (Paisley, Scotland, UK).

Cell proliferation assay

We used the cell proliferation reagent 4-[3-(4-iodophenyl)-2(4-nitro-
phenyl)-2H-5-tetrazolio]-1,3-benzene disulfonate (WST-1) kit purchased
from Roche Diagnostics GmbH (Mannheim, Germany), which is a col-
orimetric assay for the quantification of cell proliferation and cell via-
bility. This assay is based on a water-soluble tetrazolium salt, which is
cleaved to formazan by mitochondrial enzymes. The amount of the
formazan dye formed is directly correlated to the number of metabol-
ically active cells. The cells were plated in 96-well plates (2 � 104 cells/
well), and cultured for 72 h in DMEM/F12 with 20% FBS added. The cells
were then washed once with 1� PBS before the medium was changed
to test medium, which contained 1% FBS and for each experiment
specific concentrations of effectors. After treatment, WST-1 was added,
20 �l/well (final dilution 1:10), and the reaction mixture was incubated
for 1 h at 37 C before reading absorbance at 450 nm. Each experiment
included three wells and was repeated four times.

Cell death detection ELISA

Apoptosis was studied with the detection and quantification of cy-
toplasmic histone-associated DNA fragments (mono- and oligonuclea-

somes) by photometric enzyme immunoassay (Cell Death Detection
ELISAPLUS, Roche Diagnostics). The cells were first treated as described
for the proliferation assay and then lysated (80 �l lysis buffer) and
centrifuged. The supernatant was removed for analysis of cytoplasmic
histone-associated DNA fragments according to the manufacturer’s in-
structions. In preliminary experiments, we excluded necrosis to occur
under our experimental conditions by the negative determination of
mono- and oligonucleasomes in the supernatant of the cell cultures.
Three samples were analyzed for each experiment, which was repeated
four times.

RT-PCR for type II and X collagens

Extraction of total RNA from HCS-2/8 proliferative chondrocytes
treated for 24, 48, and 72 h with and without Dexa (25 �m) was per-
formed by using QIAGEN RNeasy mini kit (VWR International AB,
Stockholm, Sweden). The following pair of primers were used to gen-
erate the respective cDNAs: type II collagen, 5�-ATGACAATCTGGCTC-
CCAACACTGC-3� and 5�-GACCGGCCCTATGTCCACACCGAAT-3�
giving a PCR product of 364 bp; human type X collagen, 5�-AGC-
CAGGGTTGCCAGGACCA-3� and 5�-TTTTCCCACTCCAGGAGGGC-3�
(387 bp). The housekeeping gene glyceraldehyde-3-phosphate dehydroge-
nase (GAPDH), 5�-CAATgACCCCTTCATTgACC-3� and 5�-CCTgCTT-
CACCACCTTCTTg-3� (694 bp), was used as control to normalize the data.
RT-PCR was performed as it has been previously described (22). The am-
plification conditions for type II and type X collagen were as follows: 96 C
for 5 min, 96 C for 30 sec with 35 cycles of denaturation, annealing for 1 min
at 55 C (30 sec at 54 C, 30 cycles for GAPDH) extension for 1 min at 72 C
(1 min at 72 C for GAPDH) and final extension for 5 min at 72 C. PCR
products were separated by electrophoresis in a 2% agarose gel with
ethidium bromide (15 �g/10 ml). RNA from HCS-2/8 chondrocytes, 18 d
in culture under differentiation conditions was used as a positive control
for type X collagen.

Western immunoblotting

After each treatment, both floating and adherent cells were lysated in
RIPA buffer [150 mm NaCl, 10 mm Tris (pH 7.2), 0.1% sodium dodecyl
sulfate, 1.0% Triton X-100, 1% deoxycholate, and 5 mm EDTA] and the
protein concentration was measured by the Bradford protein assay
(Bio-Rad Laboratories AB, Sundbyberg, Sweden). Proteins were sepa-
rated on 7.5% Tris-HCl or 4–20% gradient acrylamide gels (Bio-Rad
Laboratories). Proteins were transferred on Hybond-P polyvinylidene
difluoride-transfer membrane. The membranes were blocked with 5%
Blotto, nonfat dry milk (Santa Cruz Biotechnology Inc., Santa Cruz, CA)
in Tris-buffered saline with 0.1% Tween 20, for 1 h at room temperature.
The membranes were probed overnight at 4 C (gentle shaking) with
primary antibodies against PARP (1:1000 dilution), caspase-3 (1:1000
dilution), Akt 1/2 (1:1500 dilution) or the p85� subunit of PI3K (1:1000
dilution), all purchased from Santa Cruz Biotechnology Inc. Additional
primary antibodies including caspase-8 (1:1000 dilution), human-spe-
cific caspase-9 (1:500 dilution), �-fodrin (Asp 1185, 1:500 dilution), and
phospho-Akt (Ser-473, 1:1000 dilution) were purchased from Cell Sig-
naling Technology (Beverly, MA). The blots were probed with the cor-
responding secondary antibody, goat-antirabbit Ig-horseradish perox-
idase (HRP) (Transduction Laboratories, Lexington, KY, 1:10000 or
1:15000 dilutions), goat-antimouse IgG-HRP (1:10000), or rabbit-antigoat
IgG-HRP (1:5000 dilution), all purchased from Santa Cruz Biotechnol-
ogy, Inc. The ECLplus Western blotting detection system was used ac-
cording to the manufacturer’s instructions. The resulting bands were
confirmed by comparing the size of the protein in the cell extract with
known molecular weight markers. The antigen-antibody complexes
were then detected by chemiluminescence. After films had been devel-
oped, blots were stained with Coomassie Blue to ensure equal loading
of total protein. Each experiment was repeated at least three times.

Statistical analysis

Results are presented as the mean � sem. Differences between the
groups were tested by one-way ANOVA. All P values were calculated
using the Newman-Keuls posttest. A P value �0.05 was considered
significant.
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Results
Effect of Dexa on chondrocyte proliferation and apoptosis

HCS-2/8 chondrocytes were cultured under semiconflu-
ent conditions for 24, 48, and 72 h in the presence of 25 �m
Dexa. The treatment with Dexa decreased cell proliferation
rate after 24 h (60.4 � 10.90%, P � 0.05 vs. control), 48 h
(61.30 � 0.65%, P � 0.01 vs. control), and 72 h (63.70 � 1.85%,
P � 0.001 vs. control). Apoptosis was significantly increased
after treatment with Dexa (25 �m) for 48 h (139.5 � 8.90%; P �
0.01 vs. control) and 72 h (145.1 � 15.47%; P � 0.05 vs. control)
but not after 24 h (114.1 � 6.24%; P � 0.05 vs. control; Fig. 1).
The Dexa-induced decrease in chondrocyte proliferation and
increase in apoptosis showed clear dose-dependencies (Fig.
2, A and B).

To rule out whether our experimental conditions may
influence the differentiation process of HCS-2/8 cells, we
analyzed by PCR the expression of type II and X collagen
after 24, 48, and 72 h of culture. We found that type II collagen
was expressed at all time points and that type X collagen, a
marker of differentiating chondrocytes, was not expressed at
any time point for both control and Dexa-treated cells. These
data indicate that Dexa treatment did not influence the rate
of chondrocyte differentiation when exposed for up to 72 h.
Control experiments showed that HCS-2/8 chondrocytes can
express type X collagen when cultured under conditions
promoting cell differentiation for 18 d (data not shown).

We then investigated whether IGF-I can counteract the
antiproliferative and apoptotic actions of Dexa in cultured
HCS-2/8 chondrocytes. Initial experiments with IGF-I only
(100 ng/ml) showed that cell proliferation was stimulated
(112.5 � 3.4% of control; P � 0.05 vs. control; Fig. 3A) and
spontaneous apotosis was decreased (85.0 � 5.8% of control;
P � 0.05 vs. control; Fig. 3B). When IGF-I (100 ng/ml) was
combined with Dexa (25 �m), the antiproliferative effect of
Dexa was partially counteracted (P � 0.05 vs. Dexa; Fig. 3A).
Whereas cells cultured with Dexa only demonstrated in-
creased apoptosis (134.8 � 1.28%; P � 0.001 vs. control), those
cocultured with IGF-I plus Dexa had less apoptosis (110.2 �
4.42% of control cells; P � 0.001 vs. Dexa; P � 0.05 vs. control;
Fig. 3B).

To confirm our apoptosis data (cell death detection
ELISA), we studied the proteins PARP and �-fodrin, both
well known to be cleaved during caspase-dependent apo-
ptosis. Indeed, Dexa-induced apoptosis was accompanied by

a 2.5-fold increase in cleaved PARP (28.0 � 1.3 and 11.0 � 0.5
optical units in Dexa and control groups, respectively; P �
0.001 vs. control; Fig. 4A) and a 3-fold increase in cleaved
�-fodrin (40.0 � 2.4 and 13.0 � 0.6 optical units in Dexa and
control groups, respectively; P � 0.001 vs. control; Fig. 4B).
In contrast, IGF-I prevented Dexa-induced cleavages of
PARP and �-fodrin, and the levels were similar as in control-
treated cells (Fig. 4, A and B).

Dexa activates the caspase cascade

We then studied whether Dexa-induced apoptosis is as-
sociated with caspase activation (Western immunoblotting).
We found that Dexa (25 �m; 72 h incubation) increased cleav-
age of caspase-3, whereas significantly less cleaved caspase-3
was detected in cells treated with Dexa � IGF-I (16.0 � 0.9
vs. 4.0 � 0.2 optical units; P � 0.001; Fig. 4C). Cells treated
with IGF-I (100 ng/ml) alone had no detectable cleaved casp-
sase-3 (Fig. 4C). Our next step was to analyze the activation
of the caspase initiators, caspases-8 and -9. We found that
Dexa (25 �m; 72 h) activated both these caspase initiators and
that cotreatment with IGF-I (100 ng/ml) decreased the levels
to what was detected in control cells. The 41-kDa fragment
of caspase-8 was increased 3-fold in the Dexa group when
compared with control (34.0 � 1.5 and 11.0 � 0.8 optical
units, respectively; P � 0.001; Fig. 4C) and the addition of
IGF-I returned it to control levels. Similarly, the cleaved
product of caspase-9 (37-kDa fragment) was increased 2.7-
fold by Dexa and cotreatment with IGF-I significantly de-
creased cleaved caspase-9 (100.0 � 4.8 and 37.0 � 2.9 optical

FIG. 1. HCS-2/8 cells were treated with 25 �M Dexa for 24, 48, and
72 h. Apoptosis was measured with cell death ELISA, and the levels
are expressed as percent of control-treated cells. Dexa increased ap-
optosis after 48 h (**, P � 0.01) by 39.5%, and after 72 h (*, P � 0.05)
by 45% when compared with the control group.

FIG. 2. Dose-response effects of Dexa (72 h) on cell proliferation (A)
and apoptosis (B). Cell proliferation was measured with the WST-1
cell proliferation assay and apoptosis with a cell death ELISA; see
Materials and Methods. Results are expressed as percent of control-
treated cells. Dexa had a clear dose-dependent inhibitory effect on cell
viability (A) and a dose-dependent proapoptotic effect (B). *, P � 0.05;
**, P � 0.01 vs. control, respectively.
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units, respectively; P � 0.001) to levels similar as in control
cells (Fig. 4C).

We performed experiments with caspase-inhibitors to fur-
ther confirm that Dexa-induced apoptosis is caspase depen-
dent (Fig. 5). Cells treated with Dexa alone (25 �m, 72 h), had
increased apoptosis compared with control-treated cells
(151.0 � 4.1% of control, P � 0.001). On the other hand, cells
cotreated with Dexa and caspase-3 inhibitor had less apo-
ptosis (72.7 � 4.1% of control; P � 0.001 vs. Dexa, P � 0.05
vs. control). Similar results were obtained with the inhibitors
for caspase-8 (100.2 � 17.5% of control, P � 0.01 vs. Dexa),
and caspase-9 (108.7 � 13.9% of control, P � 0.01 vs. Dexa).
None of the caspase inhibitors affected cell proliferation
(data not shown). When the HCS-2/8 chondrocytes were
treated with caspase inhibitors alone, apoptosis was slightly
decreased when compared with control-treated cells
(caspase-8 inhibitor: 71.6 � 3.1%, caspase-9 inhibitor: 87.9 �
5.4%, and caspase-3 inhibitor: 79.1 � 10.5%, P � 0.01 vs.
control).

To rule out which caspase-initiator is activated first, we
determined the levels of caspase-8 and -9 in HCS-2/8 chon-
drocytes treated with Dexa (25 �m) for 0, 12, 24, 36, or 48 h.
As seen in Fig. 6, these studies showed a clear time depen-
dency where caspase-8 was activated earlier (12 h) than
caspase-9 (36 h).

Inhibition of Akt phosphorylation by Dexa
induces apoptosis

The PI3K/Akt pathway is considered as a key component
of cell survival in different cell systems. To investigate
whether the PI3K pathway is important for the apoptotic
actions of Dexa in chondrocytes, Akt phosphorylation was
studied. Phosphorylated Akt was significantly decreased in
Dexa- (7.0 � 2.9% of control, P � 0.001 vs. control) and
Dexa/IGF-I-treated cells (26.7 � 2.9% of control, P � 0.001
vs. control, P � 0.01 by t test vs. Dexa), whereas total Akt did
not change (Fig. 7A). IGF-I alone increased phosphorylated
Akt by 23% (P � 0.01 vs. control). Moreover, the p85� subunit
of PI3K, well known to inhibit Akt phosphorylation, was
increased more than 4-fold after treatment with Dexa (21.0 �
3.4 and 5.0 � 1.0 optical units in Dexa and control groups,
respectively; P � 0.01).

Our next step was to study apoptosis after blocking Akt
phosphorylation with the specific Akt inhibitor SH-6. Under
our experimental conditions, phosphorylation of Akt was

FIG. 3. Effects of IGF-I on HCS-2/8 cell proliferation (WST-1 cell
proliferation assay) and apoptosis (cell death ELISA) after 72 h of
cotreatment with or without Dexa. A, IGF-I (100 ng/ml) alone in-
creased basal cell proliferation by 13% (*, P � 0.05 vs. control). The
addition of IGF-I to Dexa (25 �M)-treated cells improved cell prolif-
eration by 17% (*, P � 0.05 vs. Dexa), but still cell viability was
significantly less than in control (**, P � 0.01). B, IGF-I alone de-
creased basal apoptosis by 15% (*, P � 0.05 vs. control). Cotreatment
with Dexa and IGF-I decreased apoptosis by 18% (***, P � 0.001 vs.
Dexa) and reached levels similar to control (P � 0.05), whereas Dexa
increased apoptosis by 35% (***, P � 0.001 vs. control).

FIG. 4. Cells were treated for 72 h with Dexa (25 �M), IGF-I (100
ng/ml), or the combination of Dexa and IGF-I. A, Western immuno-
blots revealed that Dexa induced cleavage of PARP, whereas the
addition of IGF-I restored it. B, The same results were obtained with
another protein substrate for caspases, fodrin-�. C, Representative
Western blots for caspases-8, -9, and -3. The cleaved products of all
these caspases were increased after treatment with Dexa and de-
creased by the addition of IGF-I.

FIG. 5. Cells were treated for 72 h with Dexa (25 �M) alone, with Dexa
and caspase inhibitors (50 �M; filled bars), or with each caspase
inhibitor alone (hatched bars). Dexa alone increased apoptosis by
51.3%, whereas all caspase inhibitors in coculture with Dexa de-
creased apoptosis to control levels (**, P � 0.01 vs. Dexa; ***, P �
0.001 vs. Dexa). Caspase inhibitors alone slightly decreased sponta-
neous apoptosis compared with control-treated cells (P � 0.01).
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almost abolished when cells were treated with SH-6, whereas
IGF-I weakly increased Akt phosphorylation (Western im-
munoblotting; data not shown). As seen in Fig. 7B, SH-6
alone (10 �m) increased apoptosis compared with control-
treated cells (154.0 � 0.7% of control, P � 0.001), an effect that
was counteracted when SH-6 was combined with IGF-I
(121.2 � 0.7% of control, P � 0.001 vs. SH-6). On the other
hand, the addition of Dexa to SH-6-treated cells had no
further effect on apoptosis (156.6 � 1.4% of control, P � 0.05
vs. SH-6; Fig. 7B). In contrast, the addition of IGF-I to SH-
6/Dexa-treated cells decreased apoptosis compared with
SH-6/Dexa (124.2 � 1.4% of control; P � 0.001 vs. SH-6/
Dexa; Fig. 7B), but still apoptosis remained higher than in
control (P � 0.001). As expected, Dexa alone increased ap-
optosis (151.6 � 4.6%; P � 0.001 vs. control), whereas IGF-I
decreased apoptosis (82.6 � 3.1%; P � 0.01 vs. control).

We used another PI3K inhibitor, Wortmannin, to confirm
that IGF-I is able to exert antiapoptotic actions despite the
Akt pathway had been blocked. After 72 h in culture with 10
�m Wortmannin, apoptosis was significantly increased com-
pared with control-treated cells (327.0 � 3.2% of control; P �
0.001 vs. control), an effect that was partially prevented by
IGF-I (239.5 � 5.7% of control; P � 0.001 vs. Wortmannin) but
still remained higher than in control (P � 0.001). As expected,
total Akt was not changed, but phosphorylation of Akt was
almost abolished by Wortmannin and partially restored by
IGF-I (data not shown).

Discussion

We here show that Dexa not only decreases chondrocyte
proliferation but also increases apoptosis, whereas IGF-I as
a growth-promoting factor counteracts both these effects.
The observed apoptosis is caspase dependent and includes
activation of both caspase initiators: caspase-8 and -9. We
also demonstrate that inhibition of Akt phosphorylation is a
crucial step involved in Dexa-induced apoptosis.

Or data show that Dexa induces apoptosis in the human
HCS-2/8 chondrocytic cell line in a dose-dependent manner.
In addition, this was not an early effect because increased
apoptosis was detected first after 48 h treatment, as it has
been observed in bovine articular chondrocytes (23). More-

over, human growth plate proliferative chondrocytes are
known to express caspase-8 (24), and rat proliferative chon-
drocytes express caspases-3 and -6 (25). Altogether, this in-
dicates that these cells have the machinery for apoptosis and
have the potential to activate it after being exposed to a
suitable stimulus. Loss of proliferative chondrocytes by ap-
optosis after treatment with glucocorticoids could have im-
portant clinical significance because it may diminish growth
potential in children. This premature loss of proliferative
chondrocytes could account for the incomplete catch-up

FIG. 6. To assess which caspase initiator is activated first, HCS 2/8
cells were cultured with 25 �M Dexa for 12, 24, 36, and 48 h. The
control was untreated cells at time point 0. Western blots were per-
formed at all time points for caspase-8 (A) and caspase-9 (B). Cleaved
products of caspase-8 (p41 kDa) were detected as early as after 12 h,
whereas those from caspase-9 (p37 kDa) were detected first after 36 h.

FIG. 7. Dexa caused apoptosis in HCS-2/8 cells through inhibition of
Akt phosphorylation. A, Cells were treated for 72 h with 25 �M Dexa,
with Dexa plus IGF-I (100 ng/ml), or IGF-I alone. Western immuno-
blots revealed no changes of total Akt. In contrast, Dexa inhibited
phosphorylation of Akt (***, P � 0.001 vs. control) and the addition
of IGF-I had only a weak effect (***, P � 0.001 vs. control, **, P � 0.01
by t test vs. Dexa). IGF-I alone, increased phosphorylation of Akt
compared with control cells (**, P � 0.01 vs. control). B, The PI3K
pathway was blocked with the specific inhibitor of Akt phosphoryla-
tion SH-6 (10 �M) and apoptosis was studied by cell death ELISA.
SH-6 caused a significant increase in apoptosis (P � 0.001 vs. control)
and cotreatment with IGF-I (100 ng/ml) decreased apoptosis (***, P �
0.001 vs. SH-6). On the other hand, addition of Dexa (25 �M) to
SH-6-treated cells did not change apoptosis (P � 0.05 vs. SH-6), but
again IGF-I added to SH-6/Dexa-treated cells decreased apoptosis
(***, P � 0.001 vs. SH-6/Dexa) to a similar level as in cells treated with
SH-6/IGF-I (P � 0.05). Dexa alone increased apoptosis to the same
degree as SH-6- or SH-6/Dexa-treated cells. IGF-I alone (100 ng/ml)
decreased spontaneous apoptosis compared with control cells (**, P �
0.01 vs. control).
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growth and diminished final height which has been reported
after glucocorticoid excess (8). In this study, we focused on
a pharmacological dose of Dexa (25 �m), not only because it
reflects the clinical use of glucocorticoids and therefore their
side effects, but also because Dexa has been reported to have
anabolic effects at lower concentrations (26). Although our
present in vitro data are in correlation with other in vitro (23)
and in vivo studies (5), one should be careful when drawing
definitive conclusions from in vitro data and extrapolating
these to human disorders.

We here show that apoptosis is caspase dependent in
HCS-2/8 chondrocytes because the caspase initiators,
caspase-8 and -9, and the executor caspase-3 are all activated.
This is further supported by our finding that coincubation
with each caspase inhibitor totally blocked Dexa-induced
apoptosis. Furthermore, our experiments reveal that
caspase-8 is activated earlier than caspase-9. This suggests
that caspase-9 is activated through caspase-8 as it has been
reported in other cell systems after Dexa treatment (27). The
delay in caspase-9 activation could be because it requires
the cleavage of Bid by caspase-8, which then translocates to
the mitochondria and there releases cytochrome c (28).

Several mechanisms have been reported by which Dexa
causes apoptosis in different cell lines, including inhibition
of the PI3K pathway and decreased phosphorylation of Akt
(13, 14, 29–31). Our experiments clearly show that Dexa
inhibits Akt phosphorylation in HCS-2/8 chondrocytes. In
addition, when we blocked the Akt signaling pathway, Dexa
had no additive effect on apoptosis. The p85� subunit, which
inhibits the catalytic activity of the PI3K, has previously been
reported to be increased by Dexa (14, 32). We investigated
weather the abrogation of Akt phosphorylation is a result of
an increase in the p85� subunit. Indeed, we found that Dexa
causes a dramatic increase in the p85� subunit, thus pro-
viding a mechanism for Dexa-induced inhibition of the PI3K
signaling pathway and subsequent inhibition of Akt
phosphorylation.

IGF-I has antiapoptotic effects in many cell types in re-
sponse to different apoptotic stimuli mainly through the
activation of the PI3K/Akt pathway (17, 20). Therefore, we
hypothesized that IGF-I can rescue chondrocytes from Dexa-
induced apoptosis. Our data demonstrate that IGF-I coun-
teracts the antiproliferative and proapoptotic actions of Dexa
in the human chondrocytic cell line HCS-2/8. The IGF-I
prevention of Dexa-induced apoptosis was associated with
restoration of PARP and �-fodrin cleavage, which are prod-
ucts of caspase activation, and abrogation of caspases-8, -9,
and -3 activation. Several studies have shown that the PI3K
signaling pathway and subsequently the phosphorylation of
Akt are very important targets for the antiapoptotic actions
of IGF-I (17, 20, 33, 34). The involvement of other pathways
facilitating the antiapoptotic actions of IGF-I have been dem-
onstrated also in other cell types (35–37). Our findings in
HCS-2/8 chondrocytes clearly demonstrate that IGF-I pro-
tects chondrocytes from Dexa-induced apoptosis. This effect
is most likely partially mediated through other pathways
than the PI3K/Akt signaling pathway because, when we
blocked this pathway with SH-6, IGF-I was able to signifi-
cantly reduce apoptosis. On the other hand, we observed
some restoration of Akt phosphorylation after IGF-I cotreat-

ment and Wortmannin significantly reduced the antiapop-
totic actions of IGF-I, suggesting that the PI3K/Akt signaling
pathway may mediate some of the antiapoptotic actions of
IGF-I.

In summary, our results show that Dexa decreases not only
proliferation of chondrocytes but also increases apoptosis
through inhibition of Akt phosphorylation and therefore
inhibition of the PI3K/Akt signaling pathway. IGF-I coun-
teracts these actions of Dexa resulting in increased chondro-
cyte proliferation and decreased apoptosis. Based on our
data in HCS chondrocytes, we speculate that treatment with
IGF-I or GH may rescue growth plate chondrocytes from
apoptosis and thereby prevent loss of growth potential dur-
ing long-term treatment with glucocorticoids. Further in vivo
studies are needed to confirm whether this is the case.
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