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Apoptosis of Growth Plate Chondrocytes Occurs through

a Mitochondrial Pathway

Cristina C. Teixeira?; Aida P. Padron Costas®; Yelena Nemelivsky®

ABSTRACT

Objective: To determine the role of mitochondria in chondrocyte apoptosis induced by inorganic
phosphate (Pi).

Materials and Methods: Chondrocytes isolated from the growth plates of chick embryo tibia were
treated with Pi in serum-free media; chondrocyte viability, mitochondrial membrane potential, cy-
tochrome c release from mitochondria, caspase 3 activity, endonuclease activity, and DNA frag-
mentation were investigated.

Results: Exposure to Pi for 24 hours induced apoptosis in growth plate chondrocytes through a
pathway that involved loss of mitochondrial function, release of cytochrome c into the cytoplasm,
increases in caspase 3 and endonuclease activities, and fragmentation of DNA.

Conclusions: This study suggests that mitochondria are important players in Pi-induced apopto-
sis.
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INTRODUCTION

Cartilage is an avascular tissue characterized by an
abundant extracellular matrix rich in type Il collagen
and high molecular weight proteoglycan. There are
two types of cartilage, permanent and transient carti-
lages, that while having the same embryonic origin fol-
low distinct differentiation pathways, fulfill different
functions, and have different fates. Articular, tracheal,
and other cartilage structures are classified as per-
manent cartilage. The cells in these structures main-
tain a stable phenotype and persist throughout life, ex-
cept under pathological conditions such as osteoar-
thritis. In contrast, most of the embryonic cartilaginous
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skeleton, the epiphyseal growth plates of long bones,
the cartilaginous callus formed at fracture sites, and
the tissue created during distraction osteogenesis con-
sist of transient cartilage."? Through a series of mat-
urational changes, this cartilage is gradually replaced
by bone without disrupting the integrity of the skeleton.

This process, endochondral bone formation, has
been the focus of our studies during the past decade,
using the growth plate as a model. In these discs of
cartilage, responsible for bone growth and located at
the epiphysis of long bones, chondrocytes are present
in well-defined morphological zones. From the resting
region to the calcified cartilage region, chondrocytes
undergo a series of maturational changes; they be-
come hypertrophic and calcify the extracellular matrix.
At the cartilage-bone interface, the calcified matrix is
invaded by vasculature from the bone marrow; and as
a result of the activity of different cellular elements
(chondrocytes, chondroclasts, osteoblasts, and vas-
cular endothelial cells) converging into this region, the
cartilage is resorbed and new bone is deposited. The
fate of chondrocytes in this region of the growth plate
has been the subject of extensive research. One pos-
sible fate is survival in the bone, possibly as an oste-
oblast or a mesenchymal cell.3#

Our previous work,®> and that of other laboratories,®”
supports the notion that chondrocytes in the growth
plate undergo apoptosis. Apoptosis was first described
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by Kerr et al® as a physiologic form of death. The dying
cells are characterized by shrinkage of their cyto-
plasm, condensation of chromatin, blebbing, and for-
mation of vesicles containing the remnants of the cell
(apoptotic bodies) that are engulfed by macrophages.
During this highly regulated process, there is activation
of proteases that lead to cleavage of enzymes and
structural proteins and, ultimately, to DNA fragmenta-
tion, the hallmark of apoptosis (Figure 1).

Little is known about the regulation of apoptosis in
growth plate cartilage. We have found that chondro-
cytes are sensitive to inorganic phosphate (Pi)® and
that a rise in this anion’s concentration induces apo-
ptosis by stimulating nitric oxide generation and other
important downstream events, such as the loss of mi-
tochondrial membrane potential (A¥m).° Interestingly,
the levels of Pi used in these studies are similar to the
levels of this anion reported in the calcified region of
the growth plate. "2

It has been found that phosphate can induce a sud-
den increase in the permeability of mitochondria, an
event referred to as the permeability transition.’® The
permeability transition causes the loss of A¥m that
leads to swelling of the mitochondrial matrix, rupture
of the outer membrane, and release of cytochrome ¢
and other mitochondrial proteins into the cytoplasm,
causing activation of caspases and committing cells to
death.™ Although our previous studies revealed that
Pi-induced chondrocyte death is associated with the
loss of mitochondrial function and the activation of cas-
pases,’ we did not assess whether this process in-
volved cytochrome c release and endonuclease acti-
vation.

Although the regulation of the death process in
growth plate cartilage is not well understood, alter-
ations in this carefully controlled mechanism can have
catastrophic physiologic and quality of life results, as
exemplified by severe chondrodystrophy and dwarf-
ism. Indeed, data suggest that low Pi is the cause of
delayed apoptosis (rachitic growth plates) in rickets.!®
Therefore, understanding the regulatory mechanism of
chondrocyte apoptosis has important potential in in-
terventional therapies for growth anomalies.

In this study, we further explored the chondrocyte
apoptotic pathway activated with Pi treatment by in-
vestigating the loss of mitochondrial function, release
of cytochrome c into the cytoplasm, activities of cas-
pases and endonucleases, and fragmentation of DNA
during the first 24 hours of Pi-induced chondrocyte
death.

MATERIALS AND METHODS
Cell Culture

Growth plate chondrocytes from 18-day-old chick
embryo tibia were isolated as previously reported’®
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Figure 1. Model of apoptotic pathway involved in inorganic phos-
phate(Pi)-induced death of chondrocytes. Pi treatment leads to a
loss of mitochondrial membrane potential (AWm), provoking the re-
lease of cytochrome ¢ and other proteins into the cytosol, activating
caspase 3, and starting a cascade of protease activity that ultimately
leads to endonuclease activation, DNA degradation, and cell death.
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and plated for 1 week. During this period, the chon-
drocytes isolated from the whole growth plate prolif-
erate in suspension while fibroblasts and osteoblasts
(if present) attach to the culture dishes. Suspended
chondrocytes were subcultured and then grown in Dul-
becco’s modified high-glucose Eagle’s medium
(DMEM) containing 10% serum (NUSERUM IV, Bec-
ton Dickinson, Bedford, Mass), 2 mM L-glutamine, and
50 U/mL each of penicillin and streptomycin. To facil-
itate cell attachment, cultures were treated with testic-
ular hyaluronidase (4 U/mL). After 3 days, the cells
were exposed to Pi in serum-free medium. The actual
concentration of Pi in the serum-free medium was 1
mM, and this value was set as the control. A Pi con-
centration of 5 mM was used in our experiments by
supplementing the serum-free medium with sodium
dihydrogen phosphate (NaH,PO,). To block the trans-
port of Pi, we used phosphonoformic acid (PFA); and
to inhibit endonuclease activity, chondrocytes were
treated with aurintricarboxilic acid (ATA). All chemicals
unless otherwise stated were obtained from Sigma
Chemical, St Louis, Mo.

Assessment of Mitochondrial Function

Chondrocytes were plated on glass coverslips and
then exposed to Pi for different time periods. Mito-
chondrial membrane potential was assessed with the
voltage-sensitive dye TMRE (Molecular Probes, Eu-
gene, Ore). This probe accumulates only in functioning
mitochondria. The cells were incubated with 50 nM of
TMRE in phenol-free DMEM for 15 minutes. The cells
were washed and then incubated with Hoechst dye
33342 for 2 minutes to visualize their DNA. The chon-
drocytes were washed with phenol-free DMEM and
then evaluated by differential interference contrast and
fluorescent microscopy.

Cell Fractionation and Western Blot Analysis

Chondrocytes were harvested with media and then
centrifuged at 400 X g for 5 minutes. A cytosolic frac-
tion and a mitochondria-enriched fraction were pre-
pared from this cell pellet as described by Dejean et
al.’” Western blot analysis was performed on approx-
imately 20 pg of protein, using antiserum against cy-
tochrome ¢ (Santa Cruz Biotech, Santa Cruz, Cal). To
ensure that equal amounts of protein were loaded onto
each lane, the membranes were stained with Ponceau
S. The signal was amplified by chemiluminescence
(ECL kit, Amersham, Boston, Mass), and the mem-
branes were photographed.

Caspase 3 Activity Analysis

To measure caspase 3 activity, cells were incubated
with the specific fluorogenic peptide CPP-2/apopain
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substrate, Z-DEVD-AFC.'" Caspase activity was mon-
itored by following the blue to green shift in fluores-
cence upon release of the AFC fluorophore. The ex-
citation and emission maxima for AFC are 400 nm and
505 nm, respectively.

Endonuclease Activity Analysis

Nuclear protein extracts were prepared and then an-
alyzed for endonuclease activity by a zymographic
method described by Boone at al'® that uses a 12%
polycrylamide gel containing 250 g of calf thymus
DNA per milliliter. The gel was silver stained according
to the Silver Stain kit protocol (Bio-Rad, Hercules,
Cal). The silver stains the DNA incorporated into the
gel, and endonuclease activity is identified as a clear
spot on a dark background.

Viability Assay

Chondrocyte viability was determined by the MTT
assay. The optical density was read at 595 nm with a
spectrophotometer plate reader, and the results were
normalized to values generated by control cells. This
assay is widely used to measure cell death, and in a
previous report, we showed that we could monitor
chondrocyte apoptosis with this procedure.®

DNA Fragmentation

Quantification of chondrocytes undergoing DNA
fragmentation was performed with the Cell Death De-
tection ELISAP-US kit (Roche Molecular Biochemicals,
Indianapolis, Ind). This kit allows immunochemical de-
termination of histone-complexed DNA fragments.

RESULTS

Cells undergoing apoptosis present characteristic
functional and morphological changes. Figure 2 shows
these alterations in chondrocytes exposed to 5 mM Pi.
When the cells were labeled with TMRE, their mito-
chondria stained as long bright rods that accumulated
in the perinuclear region of the healthy cell. Chondro-
cytes maintained this appearance for the first 4 hours
of Pi treatment (Figure 2D). Approximately 8 hours af-
ter the initiation of treatment, chondrocytes presented
signs of stress and began to loose attachment to the
glass coverslips; numerous vesicles could be ob-
served in their cytoplasm (arrowhead in Figure 2B).
TMRE staining showed that, while remaining function-
al, the mitochondria presented a different cellular dis-
tribution (red speckles and small rods in Figure 2E).
After 24 hours of Pi exposure, chondrocytes had
shrunk into smaller cellular masses without loosing
their membrane integrity (Figure 2C). Note the diffuse
and decreased TMRE staining at this stage, suggest-
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Figure 2. Functional and morphological alterations in chondrocytes
undergoing apoptosis. Chondrocytes were treated with 5 mM inor-
ganic phosphate (Pi) for 4 hours (A and D), 8 hours (B and E), and
24 hours (C and F). Differential interference contrast (A-C) and fluo-
rescence (D-E) microscopy images of the same cells are shown.
Functional mitochondria were labeled with TMRE (red fluorescence
in D-E), and chondrocyte DNA was labeled with Hoechst dye 33342
(blue fluorescence in D-E). Note the presence of numerous vesicles
in the cytoplasm (arrowhead in B) of a dying chondrocyte. At 24
hours after initiation of Pi treatment, the chondrocyte shows obvious
signs of apoptosis: loss of attachment, shrinkage, blebbing (arrow-
head in C), and apoptotic bodies containing DNA (arrowheads in F).

ing that mitochondria have lost their membrane poten-
tial (Figure 2F). Some of the vesicles in the cytoplasm
of these cells contain DNA, the result of endonuclease
activity (arrowhead in Figure 2F).

Because the loss of mitochondrial membrane poten-
tial can lead to the release of cytochrome ¢ and other
mitochondrial proteins from these organelles, we in-
vestigated the presence of cytochrome c in the cyto-
plasm of chondrocytes 24 hours after Pi exposure.
Chondrocytes were fractionated, and equal amounts
of protein from the cytoplasmic and mitochondrial ex-
tracts were submitted to Western blot analysis. Figure
3 shows that removing the serum from the culture me-
dium caused a slight increase in the cytoplasmic levels
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Figure 3. Inorganic phosphate (Pi) causes release of cytochrome c
from mitochondria. Western Blot analysis was performed on chon-
drocytes cultured for 24 hours in the presence of 10% NUSERUM
(NU), in serum-free media (SF), and in serum-free media supple-
mented with 5 mM phosphate (Pi). After cell fractionation, proteins
from the cytoplasmic and mitochondrial fractions were separated
electrophoretically, transferred onto a nitrocellulose membrane, and
immunostained with antibody against cytochrome c. The same
amount of protein was loaded into each column.
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Figure 4. Treatment with inorganic phosphate (Pi) increases cas-
pase 3 and endonuclease activities in apoptotic chondrocytes. Chon-
drocytes were cultured for 24 hours in serum-free media (SF) and
serum-free media supplemented with 5 mM Pi, in the presence or
absence of 5 mM phosphonoformic acid (PFA). Caspase activity
was evaluated by measuring fluorescence in the presence of the
substrate Z-DEVD-AFC (A). Endonuclease activity was identified by
zymographic analysis (B) as clear spots on the dark background.

of cytochrome c¢. When serum-free media was supple-
mented with 5 mM Pi, we observed a larger increase
in cytochrome c in the cytoplasm fraction. As expect-
ed, cytochrome ¢ content was greater in the cell frac-
tion containing mitochondria.

Release of cytochrome c into the cytosol results in
caspase 3 activation and starts a cascade of protease
activities (caspases and endonucleases) that ultimate-
ly leads to DNA degradation and death. We quantified
the activity of these proteases in apoptotic chondro-
cytes. As shown in Figure 4A, supplementing serum-
free media with 5 mM Pi for 24 hours caused a sig-
nificant increase in caspase 3 activity in chondrocytes.
When the cells were treated with PFA (an inhibitor of
Pi cellular transport) before exposure to Pi, caspase 3
activity remained low. We studied endonuclease activ-
ity by zymography and found a similar pattern of
changes (Figure 4B).

We next examined the effect of the endonuclease
inhibitor ATA on Pi-induced chondrocyte apoptosis.
MTT and light microscopy analysis revealed that ATA
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Figure 5. Endonuclease inhibitor prevents inorganic phosphate (Pi)—
induced chondrocyte apoptosis. Chondrocytes were cultured for 24
hours in serum-free media (SF) (A) and in serum-free media sup-
plemented with 5 mM Pi (B). Some chondrocytes were treated with
5 mM of Pi in the presence of different concentrations of ATA
(10 pM, 100 wM) (C-D). After 24 hours, cells were observed by
regular light microscopy and photographed. Chondrocytes survival
under the same experimental conditions was estimated by MTT as-
say (E) with results presented as percentage of control (SF). Values
shown represent three separate experiments. *Significantly different
from control (P < .05).

protected chondrocytes from death in a dose-depen-
dent manner (Figure 5). When 5 mM Pi was present
in the culture, we observed numerous apoptotic debris
and shrunken chondrocytes (Figure 5B). Treatment
with 100 wM of ATA conferred total protection to the
chondrocytes against Pi (Figure 5D,E), even though
the chondrocytes seemed to have lost attachment to
the culture dish (compare Figure 5A with 5D).

The hallmark of apoptosis is the presence of DNA
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Figure 6. Inorganic phosphate (Pi) induces DNA fragmentation in
chondrocytes. Chondrocytes were cultured for 24 hours in the pres-
ence of 10% NUSERUM (NU), in serum-free media (SF), and in
serum-free media supplemented with 5 mM Pi. At the end of the
cultured period, cells were lysed, and then histone-complexed DNA
fragments were detected with a colorimetric ELISA assay. *Signifi-
cantly different from NU and SF (P < .05).

DNA Fragmentation (optical density)

fragmentation without the loss of cell membrane integ-
rity. To identify these fragments, the chondrocytes
were lysed, and then the extracts were submitted to a
colorimetric assay that detects histone-complexed
DNA fragments. As shown in Figure 6, serum removal
did not induce significant DNA fragmentation during
the first 24 hours in culture. However, supplementing
the serum-free media with 5 mM Pi caused a drastic
increase in DNA fragmentation, confirming endonucle-
ase activity.

DISCUSSION

Our previous studies have shown that treatment of
chondrocytes with 5 mM Pi causes significant death
levels within 48 hours, accompanied by the loss of mi-
tochondrial function. Here, we focused on the mito-
chondrial apoptotic pathway and investigated events
occurring in the first 24 hours. We found that the loss
of mitochondrial membrane potential occurs between
8 hours and 24 hours of exposure to Pi. At the end of
the first day of Pi exposure, we observed the presence
of cytochrome c in the cytoplasm, high levels of cas-
pase 3 and endonuclease activities in chondrocytes,
and resultant DNA fragmentation. This information
adds to our laboratory’s current effort to increase the
temporal resolution of the cascade described in Figure
1 and create a time line of apoptotic events during Pi-
induced chondrocyte death.

Recently, it was revealed that under some circum-
stances the release of cytochrome ¢ from mitochon-
dria precedes the loss of A¥m, leading researchers to
hypothesize the existence of two mechanisms for the
discharge of mitochondrial proteins into the cytosol.
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The first mechanism, described earlier, involves a per-
meability transition, loss of A¥m, and swelling and
rupture of the mitochondrial outer membrane.’®2° In
the alternative mechanism, the inner membrane po-
tential is maintained, outer membrane remains intact,
and cytochrome c is released through the formation of
a mitochondrial apoptotic-induced channel, MAC7-21,
with the loss of AW¥m occurring later in the process.
By creating a time line of events during Pi-induced
chondrocyte apoptosis, we will learn whether the dis-
charge of cytochrome ¢ from mitochondria occurs be-
fore or after loss of A¥m. This information is important
because it will reveal the death pathway responsible
for removal of hypertrophic chondrocytes from the car-
tilage-bone interface, offering new therapeutic targets
(such as MAC pharmacological inhibitors) for growth
anomalies resulting from alterations of that process.
In addition, chondrocytes have been shown to play
a crucial role in fracture repair and distraction osteo-
genesis. In the near future, it might be possible to ac-
celerate the bone healing process by manipulating
chondrocyte removal and osseous deposition. Finally,
articular chondrocytes can behave just like hypertro-
phic chondrocytes during osteoarthritis by mineralizing
the cartilage matrix and dying inappropriately, con-
verting a permanent cartilage into a transient one.
Therefore, the study of growth plate chondrocyte
death may provide insight into new therapeutic ap-
proaches for this widespread and debilitating problem.

ACKNOWLEDGMENT

This work was supported by the New York University College
of Dentistry Research Challenge Fund Grant.

REFERENCES

1. Iwamoto M, Higuchi Y, Enomoto-lwamoto M, et al. The role
of ERG (ets related gene) in cartilage development. Oste-
oarthritis Cart. 2001;9 Suppl A:S41-7.

2. Ferguson C, Alpern E, Miclau T, Helms JA. Does adult frac-
ture repair recapitulate embryonic skeletal formation? Mech
Dev. 1999;87(1-2):57—-66.

3. Galotto M, Campanile G, Robino G, Cancedda FD, Bianco
P, Cancedda R. Hypertrophic chondrocytes undergo further
differentiation to osteoblast-like cells and participate in the
initial bone formation in developing chick embryo. J Bone
Miner Res. 1994;9(8):1239—-1249.

4. Yoshioka C, Yagi T. Electron microscopic observations on
the fate of hypertrophic chondrocytes in condylar cartilage
of rat mandible. J Craniofac Genet Dev Biol. 1988;8(3):253—
264.

Angle Orthodontist, Vol 77, No 1, 2007

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

TEIXEIRA, COSTAS, NEMELIVSKY

. Hatori M, Klatte KJ, Teixeira CC, Shapiro IM. End labeling

studies of fragmented DNA in the avian growth plate: evi-
dence of apoptosis in terminally differentiated chondrocytes.
J Bone Mineral Res. 1995;10(12):1960—-1968.

. Gibson GJ, Kohler WJ, Schaffler MB. Chondrocyte apopto-

sis in endochondral ossification of chick sterna. Dev Dy-
namics. 1995;203(4):468-476.

. Aizawa T, Kokubun S, Tanaka Y. Apoptosis and prolifera-

tion of growth plate chondrocytes in rabbits. J Bone Joint
Surg Br. 1997;79(3):483—-486.

. Kerr JF, Wyllie AH, Currie AR. Apoptosis: a basic biological

phenomenon with wide-ranging implications in tissue kinet-
ics. Br J Cancer. 1972;26(4):239-257.

. Teixeira CC, Shapiro IM, Hatori M, Rajpurohit R, Koch C.

Retinoic acid modulation of glutathione and cysteine metab-
olism in chondrocytes. Biochem J. 1996;314(Pt1):21-26.
Teixeira CC, Mansfield K, Hertkorn C, Ischiropoulos H, Sha-
piro IM. Phosphate-induced chondrocyte apoptosis is linked
to nitric oxide generation. Am J Physiol Cell Physiol. 2001;
281(3):C833-C839.

Wouthier RE. Electrolytes of isolated epiphyseal chondro-
cytes, matrix vesicles, and extracellular fluid. Calcified Tis-
sue Res. 1977;23(2):125-133.

Shapiro IM, Boyde A. Microdissection—elemental analysis of
the mineralizing growth cartilage of the normal and rachitic
chick. Metabolic Bone Dis Related Res. 1984;5(6):317-326.
Bravo C, Chavez E, Rodriguez JS, Moreno-Sanchez R. The
mitochondrial membrane permeability transition induced by
inorganic phosphate or inorganic arsenate. A comparative
study. Biochem Mol Biol. 1997;117(1):93-99.

Mashima T, Naito M, Noguchi K, Miller DK, Nicholson DW,
Tsuruo T. Actin cleavage by CPP-32/apopain during the de-
velopment of apoptosis. Oncogene. 1997;14(9):1007—1012.
Donohue MM, Demay MB. Rickets in VDR null mice is sec-
ondary to decreased apoptosis of hypertrophic chondro-
cytes. Endocrinology. 2002;143(9):3691—4.

Rajpurohit R, Koch CJ, Tao Z, Teixeira CM, Shapiro IM.
Adaptation of chondrocytes to low oxygen tension: relation-
ship between hypoxia and cellular metabolism. J Cell Phy-
siol. 1996;168(2):424—-432.

Dejean LM, Martinez-Caballero S, Guo L, et al. Oligomeric
Bax is a component of the putative cytochrome c release
channel MAC, mitochondrial apoptosis-induced channel.
Mol Biol Cell. 2005;16(5):2424-32.

Boone DL, Tsang BK. Non-isotopic technique for the iden-
tification of endonucleases involved in apoptosis. Biotech-
niques. 1997;22(4):648-9.

Petronilli V, Penzo D, Scorrano L, Bernardi P, Di Lisa F.
The mitochondrial permeability transition, release of cyto-
chrome ¢ and cell death—Correlation with the duration of
pore openings in situ. J Biol Chem. 2001;276(15):12030—
12034.

Marchetti P, Castedo M, Susin SA, et al. Mitochondrial per-
meability transition is a central coordinating event of apo-
ptosis. J Exp Med. 1996;184(3):1155-1160.

Schlesinger PH, Gross A, Yin XM, et al. Comparison of the
ion channel characteristics of proapoptotic BAX and anti-
apoptotic BCL-2. Proc Natl Acad Sci USA. 1997;94(21):
11357-62.



