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Abstract

Although epidemiologic studies have shown
that age is the chief risk factor for osteoarth-
ritis (OA), the relationship between aging and
the development of OA has not been completely
understood yet. However, accumulating evi-
dences in vivo and vitro have shown that the
development of QA is, at least in part, attribut-
able to the age-related chondrocyte senescence.
This review focuses on how chondrocyte senes-
cence affects the articular cartilage degenera-
tion and how oxidative stress affects the chon-
drocyte senescence. Further, I would like to
introduce our hypothesis that oxidized low-den-
sity lipoprotein, which is the most important
molecule causing atherosclerosis, is involved in
the pathogenesis of OA by playing a role as an
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oxidative stressor. It is interesting that even
though mitotically inactive, senescent cells are
far from being biologically inert. Many genes in
senescent cells display higher expression levels
that do not merely correlate with cell cycle
arrest. Chondrocyte semescence is associated
with an increased production of inflammatory
mediators and matrix degrading enzymes char-
acteristic of the senescent secretory phenotype.
Age-related oxidative stress and damage may
play a central role in cartilage aging through
modulation of cell signaling pathways that regu-
late anabolic and catabolic activity.
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Introduction

Epidemiologic studies have shown that age is
the chief risk factor for osteoarthritis (OA)"* and
that OA is the most common cause of chronic
locomotive disability in the elderly people.®!
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Degenerative changes and thinning in articular
cartilage is one of the most important pathologic
findings in OA. It is not a simple “mechanically
wearing out with time™ and changes in the joint
attributable to aging can be distinguished from
those due to the disease. The relationship
between aging and the development of OA has
not been completely understood yet. However,
accumulating evidences in vivo and vitro have
shown that the development of OA is, at least in
part, attributable to the age-related changes in
the joints, which plays a role in conjunction with
other factors such as excessive mechanical load,
joint injury (injury of articular cartilage, menis-
ci, subchondral bone and ligaments), life-style
related diseases and genetics. The surgical des-
tabilization of the knee in young animals, which
can induce OA-like changes in the joint without
any contribution of aging®® indicates that the
excessive mechanical stress is one of the most
important factors to develop cartilage degenera-
tion. These evidences suggest that the aging and
the development of OA are inter-related but not
inter-dependent. However, there is a possibility
that the excessive mechanical load may enhance
chondrocyte aging in a cellular level, where
chondrocytes undergo terminal differentiation to
become hypertrophic chondrocytes. If it is the
case, the chondrocyte senescence and the devel-
opment of OA may be inter-related and inter-
dependent.

OA is clinically defined as joint dysfunction
due to progressive changes in several structures
of the joint, including the articular cartilage, the
menisci in the knee, bone, muscle, synovium, and
other solt tssues (ligaments and tendons).
Among these joint structures, the articular carti-
lage has been extensively studied especially in
regards to aging. This review focuses on how
chondrocyte aging (senescence in a cellular level)
affects the articular cartilage degeneration (senes-
cence in a tissue level) from the point of view of
oxidative stress. Further, 1 would like to intro-
duce our hypothesis that oxidized low-density
lipoprotein {(ox-LDL), which is the most impor-
tant molecule causing atherosclerosis, is involved
in the pathogenesis of OA through one of
oxidative stressors inducing cell senescence.
Cell Senescence and Oxidative Stress

Definition of cell senescence generally
accepted is a significant decrease in proliferative
ability, where cells cannot further divide in
culture after a period of 30-40 population dou-

bo

blings, often referred to as the “Hayflick limit™.”
This form of cell senescence is called “replicative
senescence”, which is supposed to result from a
cell cycle arrest. There are some evidences to
indicate that replicative senescence play an
important role in aging in a tissue level and an
individual level. For example, fibroblasts iso-
lated from older human or animal skin reach
replicative senescence sooner than cells isolated
from younger individuals.® Tn addition, the cells
with replicative senescence in older adults have
shortened telomeres and the formation of senes-
cence-associated (SA) heterochromatin.® It is
reasonable to consider that cell senescence is a
essential mechanism to prevent proliferation of
cells with damaged DNA and thus to avoid
tumorigenesis.

Replicative senescence is associated with alter-
ations in DNA structure and function including
telomere shortening and dysfunction.®!?
Telomeres are found at the ends of chromosomes
and it's structures, the terminal guanine-rich
sequences of chromosomes (TTAGGG repeats in
humans and other vertebrates), work to stabilize
the chromosome during replication by protecting
the chromosome end against exonucleases.
Telomere length decreases with incomplete re-
plication during mitosis and, when decreased to
a critical length, it signals a cell to stop dividing
and to enter replicative senescence.'"' Mean-
while, telomerase is an RNA-dependent DNA
polymerase that synthesizes telomeric DNA
sequences and comprises two essential compo-
nents. One is the functional RNA component
(in humans called hTERC), which serves as a
template [or telomeric DNA synthesis. The
other is a catalytic protein (WnTERT) with reverse
transcriptase activity and the primary determi-
nant for the enzyme activity.'*'  Although
hTERT is generally repressed in normal somatic
cells, telomerase activation in human vascular
smooth muscle cells protects telomere shortening
with replication.'® Because vascular cell senes-
cence occurs in human atherosclerotic lesions
and is associated with telomere shortening,
telomerase activity seems to be important in
guarding against cell senescence.!® Telomere
shortening has been shown in OA chon-
drocytes,'”~ and the lifespan of senescent chon-
drocytes retrieved from OA cartilage can be
increased by exogenous expression of telomer-
ase,*® indicating an important relationship
between chondrocyte senescence and telomerase
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activity.

In addition to replicative senescence. stress-
induced premature cell senescence (SIPS) also
oceurs by which cells without discernible artri-
tion of telomeres show a growth arrest.*™** In
quiescent cells such as chondrocytes, this mode
of cell senescence (SIPS) may be more important
than the replicative senescence, because progres-
sive telomere shortening due to repeated cycles of
cell division does not completely explain senes-
cence in those cells. Some stressors identified
include DNA damage, oxidative stress,
suboptimal culture conditions, and P13k in-
hibitors. Proatherogenic and proinflammatory
factors such as ox-LDL, tumor necrosis factor-o
(TNF-&), and hydrogen peroxide have also been
implicated in STPS,'%?'=2% and these can suppress
telomerase activity by inactivating the P13k/Akt
pathway.?*  Oxidative damage to DNA can
directly contribute to SIPS and because the ends
of chromosomes are particularly sensitive to
oxidative damage, it can result in telomere insta-
bility similar to that seen with replicative senes-
cence. 1" SIPS due to oxidative stress [its quite
well with one of the long-standing theories of
aging first proposed by Harman in the 1950s that
invoked free radicals, or reactive oxygen species
(ROS). as mediators of aging.*® Oxidative stress
has been found to induce cell senescence in vitro
and there is in vivo evidence for age-related
oxidative stress in many tissues.®* Both modes of
senescence are associated with suppressed cell
proliferation, impaired physiclogical cell func-
tion. It is likely that both the telomere shorten-
ing-initiated and stress-induced cell senescent
modes may contribute jointly to the pathogenic
process of many chronic diseases in vivo.?!

ROS are generated by intracellular enzymes
such as nicotine amide adenine dinucleotide
phosphate (NADPH) oxidase and 5-lipox-
ygenase in response Lo activation of specific cell
signaling pathways. These ROS serve as secon-
dary messengers that regulate signal transduction
by activating redox-sensitive kinase and inhibit-
ing redox-sensitive phosphatase.?”** Insufficient
levels of ROS can be detrimental to certain
signaling pathways, such as the epidermal
growth factor (EGF) pathway that regulates cell
proliferation, while excessive levels of ROS may
inhibit pathways, such as the insulin-signaling
pathway, through activation of the stress-in-
duced kinase INK.*** A direct role for ROS in
cell senescence has been shown where mitogenic

signals increases the ROS level and elicits a
positive feedback activation of ROS-protein
kinase C delta (PKCg) signaling pathway,
which cooperates with the pl6'™¥*#‘.retinoblas-
toma protein (Rb) pathway, to promote cell
senescence.®  Senescent cells exhibit altered
activity and expression of regulatory proteins
that control growth and proliferation, including
p33 and the cyclin-dependent kinase inhibitors
p21CFl . and pléeWk#AE2 - Activation of p33
occurs from DNA damage or from telomere
shortening and serves to inhibit cell-cycle pro-
gression. Activated p53 increases the expression
of p21, which contributes to senescence. As p21
declines in senescent cells, pl6 is increased which
appears to serve a more long-term role in the
inhibition of cell-cycle progression through inhi-
bition of Rb.®

[t is interesting that even though mitotically
inactive, senescent cells are far from being
biologically inert. Many genes in senescent cells
display higher expression levels that do not
merely correlate with cell cycle arrest.’®  Senes-
cent cells can secrete proteins, including de-
gradative enzymes, inflammatory cytokines, and
growth factors that may stimulate tissue aging
and tumorigenesis and hence possess a more
complex role in promoting chronic diseases.®3%%
Sometimes referred to as “the senescent secretory
phenotype™,”®* these activities of senescent cell
may be particularly relevant to the development
of OA. This phenotype is characterized by the
increased production of cytokines, including
interleukin-6 (IL-6) and interleukin-1 (IL-1),
MMPs, and growth factors such as EGF. Recent
studies have also provided evidence [or a role of
the IL-8 receptor chemokine XC receptor 2
(CXCR2)*® and insulin-like growth factor bind-
ing protein-7 (1IGFBP-7)%% in senescence, suggest-
ing autocrine loops of secreted proteins contrib-
ute to cell senescence. The accumulation of cells
expressing the senescent secretory phenotype can
also contribute to tissue aging through damage
to the extracellular matrix, such as seen with the
degradation of dermal collagen due to an age-
related increase in collagenase.?®
Chondrocyte Senescence and Oxidative Stress

Many studies have shown that chondrocytes
isolated from the elderly exhibit distinct leatures
of typical senescent cell (Figure). Chondrocytes
after multiple passages in cell culture undergo
replicative senescence with telomere shorten-
ing.*” Evidence of telomere shortening in chon-
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Fig. A tentative model of the development of OA related to
aging, oxidative stress, chondrocyte senescence. Patho-
logical biomechanical stresses, including cytokines.
fibronectin fragments, ox-LDL, and so on. causes an
increase in ROS levels in chondrocytes. The pathologi-
cal increase in oxidative stress results in both modes of
chondrocyte senescence, SIPS and replicative senes-
cence. The role of ox-LDL and sequels attributable to
the ox-LDL/LOX-1 system that has already been
demonstrated in our studies are shown as issues marked

with underlines. Sce the list of abbreviations.

drocytes has also been reported in cells isolated
from older adults.'® However, it is much more
likely that the SIPS induced by chronic extrinsic
stress cause chondrocyte senescence, because it
has been reported that telomere shortening in
chondrocytes could occur due to DNA damage
caused by ROS.?>*# ROS generated from exces-
sive mechanical loading and/or stimulation by
cytokines could also contribute to DNA damage
and subsequent telomere shortening.®*~
Evidence of cell senescence in tissues from
older adults can be obtained by examining for
the presence of senescence markers. These
markers currently include histological staining
for senescent associated (SA)-Bgal, SA hetero-
chromatin, increased p53, p2l, and plé and
reduced Wnt2.% Staining for SA-Sgal has been
shown to be present in articular chondrocytes

from older adults'® and in OA chondrocytes.?”
Chondrocyte SA-fFgal staining, as well as
telomere shortening, has also been noted after
treatment in vitro with IL-14 or H,O, consistent
with SIPS.** Dai et al have provided evidence
that SIPS in vitro is also accompanied by an
increase in chondrocyte p53 and p2l expression
as additional markers of the senescent
phenotype.** The senescence marker pl16'™*** has
also been examined and found to be present at
greater levels in OA chondrocytes relative to age-
matched normal tissue, which in turn had higher
levels than fetal tissue.® In the latter study,
siRNA knockdown of pl6™¥" was noted to
enhance chondrocyte proliferation and matrix
gene expression.

There is accumulating evidence that chon-
drocytes can exhibit features of “the senescent
secretory phenotype”, which has important
implications for the role of chondrocyte senes-
cence in the development and progression of OA.
When compared to cells isolated from young
tissue donors, human articular chondrocyles
from older adults were found to secrete more
MMP-13 into the media after stimulation with
either IL-14 or fibronectin fragments.** lsolated
human chondrocytes were also found to produce
more 1L-1" and more 1L-7*° with increasing
donor age and, like 1L-1 and fibronectin frag-
ments, 1L-7 can also induce MMP-13 produc-
tion.”® MMP-13 serves as a major mediator of
type Il collagen cleavage in the cartilage.'®"
Studies have shown increased immunostaining
for MMP-3 and MMP-13 in cartilage with
aging' as well as an age-related accumulation of
collagen neoepilopes representing cleaved col-
lagen 4950

Chondrocyte senescence can contribute to a
decline in chondrocyte numbers due to increased
cell death, although the extent of cell death with
aging or in OA has varied among studies.®**
There are certainly reasons to expect an age-
related increase in death of chondrocytes includ-
ing the decline in growth factor activity, the loss
of survival promoting matrix proteins, and the
increase in oxidative damage. The response of
chondrocytes to IGF-I declines with age and
IGF-I is an important autocrine survival factors
in cartilage.™ Although matrix alterations occur
with aging, it is not known if these affect the
ability of either type Il collagen® or fibronectin
signaling through the 581 integrin®® to pro-
mote chondrocyte survival, Oxidative damage
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from ROS could also contribute to chondrocyte
death. Levels of ROS increase in cartilage with
aging and chondrocytes from older adults are
more susceptible to ROS-mediated cell death.”
Because of a low ability of recruiting cells in
cartilage, any loss of cells could cause negative
changes in cartilage function.

As same in other tissues, oxidalive stress may
play an important role in aging of the cartilage.
Oxidative stress results when the amount of ROS
exceeds the anti-oxidant capacity of the cell
(Figure). This can be due to either increased
production of ROS or decreased levels of anti-
oxidants and in aging both are often respon-
sible.?” Glutathione is a major intracellular anti-
oxidant that also participates in regulating
redox-signaling events. An increase in levels of
oxidized glutathione can be a sign of oxidative
stress.® Evidence for an age-related increase in
oxidative stress in human chondrocytes was
obtained by finding an increase in the ratio of
oxidized to reduced glutathione in isolated
cells.’”  Increased levels of intracellular ROS
were also detected in cartilage from old rats
when compared to young adults.®® It may be
important that an age-related increase in intracel-
lular oxidative stress can make human chon-
drocytes” and rat chondrocytes™ more suscep-
tible to cell death induced by oxidants.

As additional evidence for oxidative stress
playing a role in chondrocyte senescence, chon-
drocyte senescence in vitro was associated with
oxidative stress®® and exogenous addition of
ROS to cultured chondrocytes was found to
induce markers of the senescent phenotype.'?
There is also evidence for reduced levels of anti-
oxidant enzymes in cartilage with aging and in
OA that would contribute to chondrocyte
oxidative stress. In chondrocytes from aged rats,
catalase, but not superoxide dismutase or
glutathione peroxidase, was found at lower
levels than in young adults.®® Proteomic studies
of human articular chondrocytes found a
decrease in mitochondrial superoxide dismutase
with aging® as well as a decrease in OA cells
when compared to cells from normal tissue.®
Although not studied in aging, cartilage from
adults with OA also had less extracellular super-
oxide dismutase than normal cartilage® and gene
array studies performed with RNA isolated from
OA cells revealed a decreased expression of
superoxide dismutase and glutathione perox-
idase."®

One marker of protein oxidation is the pres-
ence of nitrotyrosine, which can be detected
using anti-nitrotyrosine antibodies.  Nitrotyr-
osine is created hy the reaction of protein
tyrosine residues with peroxynitrite (ONOO-)
formed when the ROS superoxide (O,%-) and
nitric oxide (NO ) react.?® Increased immunos-
laining for nitrotyrosine has been noted with
aging in normal human and monkey cartilage.®
Nitrotyrosine has also been detected in OA tis-
sue.%  In monkey cartilage, the presence of
positive immunostaining for nitrotyrosine cor-
related with a reduced anabolic response to IGF-
I in chondrocytes isolated from nearby tissue,
suggesting that oxidative damage may be one
mechanism for the reduced growth factor
response.®® In addition, excess levels of NO, a
reactive nitrogen species, have also been found to
reduce the chondrocyte response to IGF-1.%¢
Likewise, earlier studies noted that treatment
with H,0, inhibits chondrocyte proteoglycan
synthesis.?

The source of ROS contributing (o oxidative
stress and oxidative damage can include both
free radicals generated as by-products of aerobic
metabolism as well as ROS generated in response
to specific stimuli such as growth factors and
cytokines. Although chondrocytes live in an
environment with a low oxygen tension, they do
consume oxygen and therefore exhibit aerobic
metabolism.®® Tt has been demonstrated that
stimulation by cytokines and growth factors
including IL-1, TNF-&, FGF, TGF-5%-" and
fibronectin fragments™ increases ROS levels in
chondrocytes.  As discussed [lurther below, we
previously demonstrated that ox-LDL binding to
lectin-like oxidized low-density lipoprotein rece-
ptor-1 (LOX-1) also increases ROS production
in cultured bovine articular chondrocytes. ROS
produced by those stimulation has been reported
to result in DNA damage of chondrocyte.'

The underlying mechanisms by which
oxidative stress contributes to chondrocyte senes-
cence have not been well defined. Studies in
other cell types have provided evidence that
oxidative stress contributes to senescence
through modulation of the activity of specific
cell signaling pathways.>™ As noted above, this
can be due to modulation of the activity ol a
number of redox-sensitive kinases and phos-
phatases. The activity of MAP kinase pathways,
which include ERK, JNK, and p38, may be
particularly important. Caveolin-1 is an integral
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membrane protein that serves as a scalfold and
can regulate cell-signaling pathways involved in
senescence. Caveolin-1 has been found to play
a role in chondrocyte senescence induced by T1.-
| and H,0, through activation of the p38§ MAP
kinase.” More recently, Yin et al have demon-
strated that ROS can contribute to chondrocyte
IGF-I resistance and reduced proteoglycan syn-
thesis by causing an imbalance in the activity of
the phosphoinositide-3 (PI1-3) kinase-Akt path-
way.”® Because IGF-I can also stimulate chon-
drocyte anti-oxidant capacity,”® resistance to
IGF-I could further contribute to a redox imbal-
ance.
Ox-LDL-induced oxidative stress and chon-
drocyte senescence

Ox-LDL has been recognized as one of the
most important molecules causing atheroscler-
0sis.™® A novel receptor for ox-LDL, designated
lectin-like ox-LDL receptor | (LOX-1), was
cloned recently from cultured bovine aortic en-
dothelial cells.”” Ox-LDL uptake through this
receptor, which is expressed on the vascular
endothelium, is critically involved in endothelial
activation and dysfunction in atherogenesis.”™
While, the involvement of lipid peroxidation in
cartilage degeneration associated with aging and
the pathogenesis of OA has been suggested by in
vivo™3 and in  vitro®®  studies, Some
epidemiologic studies have suggested that OA
and atherosclerosis share a common
epidemiologic background in terms of the
involvement of lipid peroxidation.®**  Other
epidemiologic studies have shown that age is the
chief risk factor for atherosclerotic diseases.*
Further. endothelial cells in atherosclerotic
lesions also show attributes of cell senescence.*®

Interestingly, Nakagawa et al showed that
LOX-1 is expressed and ox-LDL is found in
chondrocytes in rat zymosan-induced arthritis
(ZIA) and that treatment with anti-LOX-I1
blocking antibody suppresses articular cartilage
degeneration in ZIA, suggesting that ox-LDL
binding to LOX-1 is involved in cartilage degen-
eration.®” Their in vitro study using cultured rat
articular chondrocytes showed that LOX-1
expression is detectable in basal culture condi-
tions and that ox-LDL reduces rat chondrocyte
viability through LOX-1, which induces
nonapoptotic cell death.®™ As mentioned above,
we previously demonstrated that ox-LDL bind-
ing to LOX-1 in cultured bovine articular chon-
drocytes (BACs) increases the production of

6

intracellular ROS, suggesting that ox-LDL
increases intracellular oxidative stress similar to
IL-13 or fibronectin fragments®* " and that the
ox-LDL/LOX-1 system plays a role in both
endothelial and chondrocytic dysfunction.

More recently, Kakinuma et al”' and Akagi et
al? reported the presence of ox-LDL and LOX-
| expression in articular cartilage (rom patients
with rheumatoid arthritis and OA, respectively.
They also showed that ox-L.DL can penetrate the
cartilage matrix and associate with LOX-1,
increasing MMP-3 production from cultured
explants of human articular cartilage.”® They
further demonstrated that the presence of ox-
LDL and expression of LOX-1 in chondrocytes
correlates with degenerative grades of OA carti-
lage.”” Simopoulou et al also showed that ox-
LDL is detectable in the synovial fluid of OA
joints and that LOX-1 mRNA and protein are
expressed in chondrocytes from OA cartilage.”
Further, we demonstrated that mechanical ten-
sile load and ox-LDL synergistically induce
LOX-1 in cultured BACs, resulting in decreased
cell viability and proteoglycan synthesis.”
These accumulating evidences possibly suggest
that binding of ox-LDL to LOX-1 may cause
cartilage degeneration in the context of chon-
drocyte senescence.

Clusters or clones of proliferating chon-
drocytes surrounded by newly synthesized matrix
molecules constitute one of the histologic hall-
marks of the chondrocytic response in the early
phase of OA.*~°7  Anabolic growth factors
trapped previously in the matrix may be released
in a process of matrix degradation. which acti-
vates chondrocytes to proliferate and synthesis
matrix macromolecules.”® These factors in the
synovial fluid may have better access to chon-
drocytes because of fissuring or loosening of the
collagen network or damage to the collagen
matrix itself."> These phenomena are thought to
represent repairing responses of damaged carti-
lage. The progressive degeneration of cartilage
in the later phase of OA may be atiributed to
limited repairing responses caused by cell senes-
cence associated with reduced cell function and
proliferative ability.?®%

SA pg-gal activity is recognized as an impor-
tant biological marker of cell senescence'” and is
higher in cloned chondrocytes in the OA carti-
lage.'™' In culture, ox-LDL increased the num-
ber of SA F-gal-positive BACs in a dose-depen-
dent manner, which can be reversed by pretreat-
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ment anti-oxidant N-acetyl cystein (NAC).
Further, ox-LDL reduced the cell proliferative
ability, as evaluated by BrdU incorporation, in a
dose-dependent manner. Pretreatment with anti-
LOX-1 blocking antibody cancelled these effects
of ox-LDL on BACs as well as reported in the
endothelial progenitor cells.’”" The induction of
cell senescence caused by ox-LDL occurred
within 24 hours and did not need subculturing,
indicating that ox-LDL can induce the SIPS
through the oxidative stress in chondrocytes.
As mentioned above, the “telomere hypothe-
sis” is generally accepted to explain the re-
plicative cell senescence. Telomerase is activated
in the proliferating cells of tissues under repair,
which prolongs the cellular replicative capacity
and postpones cell senescence,'® ' The regula-
tion of telomerase activity is thought to play an
important role in tissue repair and regeneration.
We investigated whether the telomerase activity
of BACs changes with the culture conditions that
induced distinct proliferating activity in chon-
drocytes. Cultured chondrocytes with a higher
proliferating activity have a higher telomerase
activity, although the activity in all chondrocytes
is lower than in Hela cells. This suggests that
the telomerase activity in BACs is upregulated
during cell expansion, agreeing with previous
reports on chondrocytes®™'%®  and somatic
cells.!®®107 Taken together. these data imply that
the telomerase activity in proliferating and clon-
ing chondrocytes in the early phase of OA is
upregulated and plays an important role in tissue
repair by postponing cell senescence and
maintaining cell function. Thus. we investigated
the effects of ox-LDL on the telomerase activity
of the 70% confluent BACs. The telomerase
activity was suppressed significantly in a time-
and dose-dependent manner by adding ox-LDL.
This suppressive effect on the telomerase activity
was reversed by pretreatment with the LOX-1
blocking antibody, indicating that ox-LDL sup-
presses telomerase activity through its receptor
LOX-1. Ox-LDL probably impairs the tissue
repair of degenerative cartilage in the early phase
of OA because suppression of telomerase activity
in proliferating cells results in lelomere shorting
and instability, leading to cell senescence.'™!?
We also investigated the intracellular signaling
pathway by which ox-LDL alters telomerase
activity. Telomerase activity is regulated by
phosphorylation of the reverse transcriptase
(hTERT), and protein kinase C or protein

kinase B (Akt) plays a critical role in the phos-
phorylation of hTERT.*** Tn general, the P13k/
Akt pathway plays important roles in the prog-
ress of the cell cycle, cell proliferation. regula-
tion of nuclear transcription factors, cell sur-
110 and chondrocyte differentiation and
apoptosis.'!! Activation of this pathway
increases the production of aggrecan,''” and
inactivation of this pathway suppresses cell via-
bility in articular chondrocytes.®® We found that
ox-LDL and LY294002 (a specific inhibitor of
P13k) suppressed the telomerase activity in a
dose-dependent manner and that IGF-1 (an
activator of PI3k) recovered the ox-LDL-in-
duced suppression of telomerase activity in
BACs as well as in endothelial cells.** Tn addi-
tion, ox-LDL reduced the amount of the pAkt
without changing the amount of Akt. Taken
together, these results suggest that ox-LDL-in-
duced suppression of telomerase activity can be
altributed to inactivation of the PI3k/Akt path-
way through binding to LOX-I.

An inleresting question is whether ox-LDL
activates the pathways that are linked mechani-
cally to replicative senescence and SIPS, includ-
ing the ATM-p53-p21-Rb pathway and the p38-
MAPK-pl6-Rb pathway, respectively.'’* 1" We
are especially interested in whether adding ox-
LDL stabilizes p33 because a recent report shows
that p53 destabilizes and permeabilizes
lysosomes to shift S-galactosidase from the
lysosomes to the cytosol, which is recognized as
cytosolic staining of SA g-gal.!'*  We have
already the ox-LDL/LOX-1 system increases
expression of p53 in mRNA and protein levels
(unpublished data) (Figure).

Ox-LDL-induced oxidative stress and chon-
drocyte hypertrophy

Under physiologic conditions, articular chon-
drocytes maintain a stable phenotvpe to retain
their function as a permanent cartilage. Differen-
tiation of chondrocytes is strictly regulated so
that the cartilage does not undergo ossification
through hypertrophic differentiation, as is the
case with endochondral bone formation. s
However, the characteristic pathological changes
in the early phase of osteoarthritis (OA) cartilage
show formation of clusters of activated and
proliferating chondrocytes.''® These activated
chondrocytes are hypertrophic in size and
exhibit sustained functional and phenotypic
changes, including an increase in alkaline phos-
phatase activity and expression of type X col-

vival,'
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lagen (COL10), runt-related transcription factor
2 (Runx2), vascular endothelial growth factor
(VEGF), and MMP-13, which indicates that
chondrocytes in OA cartilage assume the charac-
teristics of hypertrophic chondrocytes in growth
plate cartilage."""1711# Iypertrophic chon-
drocytes, terminally differentiated chondrocytes
in the growth plate that induce endochondral
ossification expressing COL 10,'" destroy the
cartilage matrix via MMP expression, introduce
vascular channels and bone cells from the bone
marrow to the cartilage, and eventually cause
apoptosis.!'? Interestingly, Morita et al recently
showed that ROS regulates chondrocyte prolifer-
ation and the initiation of hypertrophic differen-
tiation in the growth plate,**! indicating that
production of ROS by chondrocytes may also
have an important physiologic role in vivo in the
endochondral bone formation, suggesting a
potential connection between ROS production
in articular cartilage and chondrocyte hypertro-
phy observed in the early phase of OA.
Oxidative stress, which may be induced by many
mechanisms in OA, causes chondrocytes to dif-
ferentiate into hypertrophic chondrocyte-like
cells, resulting in degeneration of -cartilage
because of cartilage matrix degradation and cell
death.

Then, we recently investigated and reported
that ox-LDL binding to LOX-1 increased the
expression of COL10 and the activity of ALP in
a dose-dependent manner, suggesting that ox-
LDL promotes hypertrophic differentiation in
OA cartilage. The results of our study showed
that both ox-LDL and H,0, upregulate COLI10
expression through upregulation of Runx2 in
cultured BACs, and that NAC, an antioxidant,
canceled the effect of ox-LDL and H,0, on
COLI10 expression. These results make it pos-
sible to propose a mechanism for the involve-
ment of ox-LDL in the development of OA in
which ox-LDL-induced oxidative stress causes
pathologic hypertrophic differentiation of
articular chondrocytes through Runx2 upregula-
tion, following which the activated chondrocytes
upregulate the hypertrophic cell markers, COL10
and ALP. We previously demonstrated in vitro
that ox-LDL upregulates another hypertrophic
chondrocyte marker, VEGF, by binding to
LOX-1."* Furthermore, we have recently obser-
ved that ox-LDL upregulates MMP-13 expres-
sion in BACs (unpublished data) (Figure).

Conclusions

Although the relationship between chon-
drocyte senescence and development of OA has
not been completely understood yet, accumulat-
ing evidences in vivo and vitro have shown that
the development of OA is, at least in part, attrib-
utable to the age-related changes in the joints.
Senescent chondrocytes show both a decline in
the local availability of growth factors, as well as
a decline in the chondrocyte’s response to stimu-
lation with growth factors. Chondrocyte senes-
cence is associated with an increased production
of inflammatory mediators and matrix degrading
enzymes characteristic of the senescent secretory
phenotype.  Age-related oxidative stress and
damage may play a central role in cartilage aging
through modulation of cell signaling pathways
that regulate anabolic and catabolic activity
(Figure).

We propose a mechanism for the involvement
of ox-LDL in the development of OA where ox-
LDL-induced oxidative stress causes SIPS of
chondrocytes and results in suppression of
telomerase activity through inactivation of the
PI3k/Akt pathway. Furthermore, ox-LDL
could induce pathologic chondrocyte hypertro-
phy throngh Runx2 upregulation, following
which the activated chondrocytes upregulate the
hypertrophic cell markers, COL10 and ALP. We
have previously demonstrated in vitro that ox-
LDL upregulates other hypertrophic chon-
drocyte markers, MMPs® and VEGF'*2. The ox-
LDL-induced oxidative stress may play a signifi-
canl role in the pathogenesis of OA through
chondrocyte senescence.

References

1. Felson DT (1998) Epidemiology of osteoarthritis.
In: Brand KD, Doherty M, Lohmander LS (eds):
Osteoarthritis. Oxford, Oxford University Press, ppl3-
9

2. Buckwalter JA. Martin J. Mankin HI (2000)
Synovial joint degeneration and the syndrome of
osteoarthritis. Instr Course Lect 49 : 481-489

3. Prevalence of disabilities and associated health con-
ditions among adults-United States 1999 (2001)
MMWR Maorb Mortal Wkly Rep 30: 120-125

4, Dillon CF, Rasch EK,GuQ. Hirsch R (2006) Prcva-
lence of knee osteoarthritis in the United States : arthri-
tis data from the Third National Health and Nutrition
Examination Survey 1991-94. J Rheumatol 33: 227]-
2279



Chondrocyte senescence and osteoarthritis :

5. Kamekura S, Hoshi K, Shimoaka T, Chung U,
Chikuda H. Yamada T. Uchida M, Ogata N, Seichi A,
Nakamura K. Kawaguchi H (2005) Osteoarthritis
development in novel experimental mouse models in-
duced by knee joint instability. Osteoarthritis Carti-
lage 13: 632-641

6. Glasson SS, Blanchet TJ, Morris EA (2007) The
surgical destabilization of the medial meniscus (DMM)
model of osteoarthritis in the 129/SvEv mouse.
Osteoarthritis Cartilage 15: 10611069

7. Hayflick L (1984) Intracellular determinants of cell
aging. Mech Ageing Dev 28: 177185

8. Muller M (2009) Cellular senescence : molecular
mechanisms, in vivo significance, and redox considera-
tions. Antioxid Redox Signal 11: 39 98

9. Goyns MH (2002) Genes, telomeres and mammalian
ageing. Mech Ageing Dev 123: 791-799

10, Itahana K, Campisi J, Dimri GP (2004) Mechanisms
of cellular senescence in human and mouse cells.
Biogerontology 5: [-10

I1. Harley CB. Futcher AB. Greider CW (1990)
Telomeres shorten during ageing of human fibroblasts.
Nature 345 : 458-460

12, Allsopp RC, Vaziri H, Patterson €, Goldstein S,
Younglai EV, Futcher AB, Greider CW, Harley CB
(1992) Telomere length predicts replicative capacity of
human fibroblasts.  Proc¢ Natl Acad Sei USA 89
10114-10118

13. Bryan TM, Cech TR (1999) Telomerase and the
maintenance of chromosome ends. Curr Opin Cell Biol
11: 318-324

14, Meyerson M (2000) Role of telomerase in normal
and cancer cells. J Clin Oncol 18: 26262634

15, Minamino T, Mitsialis SA. Kourembanas S (2001)
Hypoxia extends the life span of vascular smooth
muscle cells through telomerase activation. Mol Cell
Biol 21: 3336 3342

16. Minamino T, Komuro | (2007) Vascular cell senes-
cence : contribution to atherosclerosis. Circ Res 100 :
15 26

17, Price JS., Waters JG. Darrah C, Pennington C.
Edwards DR, Donell ST, Clark IM (2002) The role of
chondrocyte senescence in osteoarthritis. Aging Cell 1 :
57-65

18, Martin JA, Buckwalter JA (2001) Telomere erosion
and senescence in human articular cartilage chon-
drocytes. J Gerontol A Biol Sci Med Sci 56: B172-179

19, Martin JA, Buckwalter JA (2002) Human chon-
drocyte senescence and osteoarthritis. Biorheology 39 :
145-152

20. Piera-Veluzquez S, Jimenez SA, Stokes D (2002)
Increased life span of human osteoarthritic chon-
drocytes by exogenous expression of telomerase,
Arthritis Rheum 46 : 683-693

21, Chen J, Goligorsky MS (2006) Premature senescence
of endothelial cells: Methusaleh’s dilemma.  Am J
Physiol Heart Circ Physiol 290: H1729-1739

22, Ben-Porath I, Weinberg RA (2005) The signals and
pathways activating cellular senescence. Int J Biochem

role of oxidized LDL-induced oxidative stress

Cell Biol 37: 961-376

23, Cumpisi J (2005) Senescent cells, lumor suppression,
and organismal aging : good citizens, bad neighbors.
Cell 120: 513-522

24, Breitschopf K. Zeiher AM, Dimmeler S. Pro-ather-
ogenic factors induce telomerase inactivation in en-
dothelial cells through an Akt-dependent mechanism
(2001) FEBS Lett 493: 21-25

25, Yudoh K, Nguyen T, Nakamura H, Hongo-Masuko
K. Kato T, Nishioka K (2005) Potential invelvement of
oxidative stress in cartilage senescence and develop-
ment of osteoarthritis : oxidative stress induces chon-
drocyte telomere instability and downregulation of
chondrocyte function. Arthritis Res Ther 7: R380-39]

26. Harman D (1956) Aging: a theory based on free
radical and radiation chemistry. J Gerontol 11 : 298-
300

27. Finkel T, Holbrook NI (2000) Oxidants, oxidative
stress and the biology of ageing. Nature 408 : 239-247

28, Kamata H, Hirata H (1999) Redox regulation of
cellular signaling. Cell Signal 11: [-14

29, Nishikawa T, Kukidome D, Sonoda K, Fujisawa K,
Matsuhisa T, Motoshima H, Matsumura T, Araki E
(2007) Impact of mitochondrial ROS production in the
pathogenesis of insulin resistance. Diabetes Res Clin
Pract 77 : S161-164

30, Takahashi A, Ohtani N. Yamakoshi K. lida S.
Tahara H, Nakayama K, Ide T, Saya H, Hara E (2006}
Mitogenic signalling and the plé'™ta-Rb pathway
cooperate to enforce irreversible cellular senescence.
Nat Cell Biol 8: 1291-1297

31, Zhang H, Pan KH, and Cohen SN (2003) Senes-
cence-specilic gene expression fingerprints reveal cell-
type-dependent physical clustering ol upregulated
chromosomal loci. Proc Natl Acad Sci USA 100:
3251-3256

32, Campisi J (1998) The role of cellular senescence in
skin aging. J Investig Dermatol Symp Proc 3: | 3

33, West MD, Shay IW, Wright WE, Linskens MH
(1996) Aliered expression of plasminogen activator and
plasminogen activator inhibitor during cellular senes-
cence. Exp Gerontol 3] : 175-193

34, Campisi J, d’Adda di Fagagna T (2007) Cellular
senescence : when bad things happen to good cells.
Nat Rev Mol Cell Biol 8: 729-740

35, Acosta JC, O'Loghlen A, Banito A, Guijarro MV,
Augert A, Raguz S, Fumagalli M, Da Costa M, Brown
C, Popov N, Takatsu Y, Melamed J, d’Adda di
Fagagna F. Bernard D, Hernando E, Gil 1 (2008)
Chemokine signaling via the CXCR2 receplor rein-
forces senescence. Cell 133: 1006-1018

36. Wajapeyee N, Serra RW, Zhu X, Mahalingam M,
Green MR (2008) Oncogenic BRAF induces senescence
and apoplosis through pathways medialed by the se-
creted protein IGFBP7. Cell 132: 363-374

37. Parsch D, Brummendorf TH, Richter W, Fellenberg
J (2002) Replicative aging of human articular chon-
drocytes during ex vivo expansion. Arthritis Rheum
46: 2911-2916



M. Akagi

38, Martin JA, Klingelhutz AJ, Moussavi-Harami F,
Buckwalter JA (2004) Effects of oxidative dumage and
telomerase activity on human articular cartilage chon-
drocyte senescence. J Gerontol A Biol Sci Med Sci 59 :
324-337

39. Kurz B. Lemke AK. Fay J, Pufe T, Grodzinsky Al,
Schunke M (2005) Pathomechanisms of cartilage
destruction by mechanical injury. Ann Anat 187 473
-485

40, Davies CM. Guilak F, Weinberg JIB. Fermor B
(2008) Reactive nitrogen and oxygen species in interleu-
kin-l1-mediated DNA damage associated with osteoar-
thritis. Osteoarthritis Cartilage 16: 624 630

4], Tomiyama T, Fukuda K, Yamazaki K. Hashimoto
K, Ueda H. Mori 8, Hamanishi C (2007) Cyclic com-
pression loaded on cartilage explants enhances the
production of reactive oxygen species. J Rheumatol
34: 556-562

42, Dai SM, Shan ZZ. Nakamura 11, Masuko-Ilongo K.
Kato T, Nishioka K. Yudoh K (2006) Catabolic stress
induces features of chondrocyte senescence through
overexpression of caveolin 1: possible involvement of
caveolin l-induced down-regulation of articular chon-
drocytes in the pathogenesis of osteoarthritis. Arthritis
Rheum 54 : 8§18-831

43, Zhou HW, Lou SQ, Zhang K (2004) Recovery of
function in osteoarthritic chondrocytes induced by
ple™ignecific siIRNA in vitro. Rheumatology (Ox-
ford) 43: 535-568

44, Forsyth CB. Cole A. Murphy G. Bienias JL, Im HI,
Loeser Jr RF (2005) Increased matrix metallo-
proteinase-13  production with aging by human
articular chondrocytes in response to catabolic stimuli.
J Gerontel A Biol Sci Med Sci 60: 1118 1124

45, Long D. Blake S. Song XY. Lark M, Loeser RF
(2008) Human articular chondrocytes produce IL-7 and
respond to [L-7 with increased production of matrix
metalloproteinase-13.  Arthritis Res Ther 10: R23

46, Mitchell PG, Magna HA, Reeves LM, Lopresti-
Morrow LL, Yocum SA, Rosner PJ, Geoghegan KF,
Hambor JE (1996) Cloning, expression, and type I1
collagenolytic activity of matrix metalloproteinase-13
from human osteoarthritic cartilage. J Clin Invest 97 :
761-768

47, Billinghurst RC, Dahlberg L. Tonescu M, Reiner A.
Bourne R, Rorabeck C. Mitchell P, Hambor J, Diek-
mann O, Tschesche H, Chen J. Van Wart H, Poole AR
(1997) Enhanced cleavage of type 11 collagen by col-
lagenases in osteoarthritic articular cartilage. 1 Clin
Invest 99 1534-1545

48, Wu W, Billinghurst RC, Pidoux 1, Antoniou J,
Zukor D, Tanzer M. Poole AR (2002) Sites of col-
lagenase cleavage and denaturation of type I collagen
in aging and osleoarthritic articular cartilage and their
relationship to the distribution of matrix metallo-
proteinase | and matrix metalloproteinase 13. Arthritis
Rheum 46: 2087-2094

49 Hollander AP. Pidoux I, Reiner A, Rorabeck C.
Bourne R, Poole AR (1995) Damage to type 1l collagen

10

in aging and osteoarthritis starts at the articular surface,
originales around chondrocytes. and extends into the
cartilage with progressive degeneration. J Clin Invest
96 : 2859-2869

50. Aurich M. Poole AR. Reiner A, Mollenhauer C,
Maurgulis A, Kuettner KE, Cole AA (2002) Matrix
homeostasis in aging normal human ankle cartilage.
Arthritis Rheum 46: 2903-2910

51. Horton Jr WE, Feng L, Adams C (1998) Chon-
drocyte apoptosis in development, aging and disease.
Matrix Bioll7: 107-115

52, Aidgner T, Kim HA, Roach HT (2004) Apoptosis in
osteoarthritis,. Rheum Dis Clin North Am 30: 639
653

53, Kuhn K, D’'Lima DD, Hashimoto S. Lotz M (2004)
Cell death in cartilage. Osteoarthritis Cartilage 12: |
-16

54, Loeser RE, Shanker G (2000) Autocrine stimulation
by insulin-like growth factar | and insulin-like growth
factor 2 mediates chondrocyte survival in vitro. Arthri-
tis Rheum 43 : [552-13559

55. Yang C, Li SW, Helminen HJ, Khillan JS, Bao Y,
Prockop DJ (1997) Apoptosis of chondrocytes in trans-
genic mice lacking collagen 1. Exp Cell Res 235: 370
-373

56, Pulai JI, Del Carlo Jr M, Loeser RF (2002) The
alphadSbetal integrin provides matrix survival signals
for normal and osteoarthritic human articular chon-
drocytes in vitro. Arthritis Rheum 46 : 15281535

537. Del Carlo Jr M. Loeser RF (2003) Increased
oxidative stress with aging reduces chondrocyte sur-
vival : Correlation  with intracellular glutathione
levels.  Arthritis Rheum 48 @ 34193430

58 Jallali N, Ridha H, Thrasivoulou C, Underwood C,
Butler PE, Cowen T. (2003) Vulnerability to ROS-
induced cell death in ageing articular cartilage: the
role of antioxidant enzyme activity. Osteoarthritis
Cartilage 13: 614 622

39, Pfeuty A, Gueride M (2000) Peroxide accumulation
without major mitochondrial alteration in replicative
senescence. IFEBS Lett 468 @ 43-47

60. Ruiz-Romero C, Lopez-Armada MJ, Blanco Fl
(2006) Mitochondrial proteomic characterization of
human normal articular chondrocytes. Osteoarthritis
Cartilage 14: 507518

61. Ruiz-Romero C, Calamia V, Mateos J, Carreira V,
Martinez-Gomariz M, Fernandez M, Blanco FJ (2008)
Mitochondrial dysregulation of osteoarthritic human
articular chondrocytes analyzed by proteomics: a
decrease in mitochondrial superoxide dismutase points
to a redox imbalance. Mol Cell Proteomics 8: 172~
189

62. Regan E, Flannelly J, Bowler R, Tran K, Nicks M,
Carbone BD. Glueck D, Heijnen H, Mason R, Crapo ]
(2005) Extracellular superoxide dismutase and oxidant
damage in osteoarthritis. Arthritis Rheum 52: 3479
3491

63. Aigner T, Fundel K, Saas J, Gebhard PM, Haag J,
Weiss T. Zien A, Obermayr F. Zimmer R, Bartnik E



Chondrocyte senescence and osteoarthritis :

(2006) Large-scale gene expression profiling reveals
major pathogenetic pathways of cartiluge degeneration
in osteoarthritis. Arthritis Rheum 54 : 35333544

64. Reiter CD, Teng RIJ, Beckman JS (2000) Superoxide
reacts with nitric oxide to nitrate tyrosine at physiologi-
cal pH via peroxynitrite. J Biol Chem 275: 32460-
32466

65. Loeser RF. Carlson CS. Carlo MD, Cole A (2002)
Detection of nitrotyrosine in aging and osteoarthritic
cartilage : correlation of oxidative damage with the
presence of interleukin-lbeta and with chondrocyte
resistance to insulin-like growth factor . Arthritis
Rheum 46 : 2349 2357

66, Studer RK, Levicoff E. Georgescu H, Miller L,
Jaffurs D, Evans CH (2000) Nitric oxide inhibits chon-
drocyte response to IGF-1: inhibition of IGF-IRbeta
tyrosine phosphorylation. Am J Physiol Cell Physiol
279 : C961-969

67, Baker MS, Feigan J, Lowther DA (1988) Chon-
drocyte antioxidant defences : the roles of catalase and
glutathione peroxidase in protection against H,O,
dependent inhibition of proteoglycan biosynthesis. J
Rheumatol 15: 670-677

68, Zhou S, Cui Z, Urban JP (2004) Factors influencing
the oxygen concentration gradient from the synovial
surface of articular cartilage to the cartilagebone inter-
face : a modeling study.  Arthritis Rheum 50: 3915~
3924

G9. Rathakrishnan C, Tiku K, Raghavan A, Tiku ML
(1992) Release of oxygen radicals by articular chon-
drocytes : a study of luminol-dependent chemilumines-
cence and hydrogen peroxide secretion. J Bone Miner
Res7: 1139 1148

70. Lo YY, Cruz TF (1995) Invelvement of reactive
oxygen species in cytokine and growth factor induction
of ¢c-fos expression in chondrocytes. J Biol Chem 270 :
1172711730

71. Lo YY, Conquer JA. Grinstein S, Cruz TF (1998)
Interleukin-1 beta induction of c-fos and collagenase
cxpression in articular chondrocytes : involvement of
reactive oxygen species. J Cell Biochem 69: 19-29

72. Jallali N, Ridha H, Thrasivoulou C, Butler P,
Cowen T (2007) Modulation of intracellular reactive
oxygen species level in chondrocytes by IGF-1, FGT,
and TGF-betal. Connect Tissue Res 48: 149158

73. Del Carlo M, Schwarlz D, Erickson EA, Loeser RTY
(2007) Endogenous production of reactive oxygen
species is required for stimulation of human articular
chondrocyte matrix metalloproteinase production by
fibronectin fragments. Free Radic Biol Med 42 : 1350
-1358

74. Finkel T (2003) Oxidant signals and oxidative stress.
Curr Opin Cell Biol 15: 247-254

75. Yin W. Park JI, Loeser RF (2009) Oxidalive stress
inhibits insulin-like growth factor-1 induction of chon-
drocyte proteoglycan synthesis through differential
regulation of phosphatidylinositol 3-Kinase-Akt and
MEK-ERK MAPK signaling pathways, J Biol Chem
284 : 319721981

role of oxidized LDL-induced oxidative stress

76. Witztum JL. Steinberg D (1991) Role of oxidized
low-density lipoprotein in atherogenesis. J Clin Invest
88 : 1785-1792

77. Sawamura T. Kume N, Aoyama T, Moriwaki H,
Hoshikawa H, Aiba Y, Tanaka T, Miwa S, Katsura Y,
Kita T, Masaki T (1997) An endothelial receptor for
oxidized low-density lipoprotein. Nature 386: 73-77

78. Mehta JL, Chen J. Hermonat PL, Romeo F, Novelli
G (2006) Lectin-like, oxidized low-density lipoprotein
receptor-1 (LOX-1): a critical player in the develop-
ment of atherosclerosis and related disorders. Car-
diovasc Res 69 : 36-45

79. Stockwell RA (1965) Lipid in the matrix of ageing
articular cartilage. Nature 207 : 427-428

80. Lippiello L (1991) The association of lipid abnor-
malities with tissue pathology in human osteoarthritic
articular cartilage. Metabolism 40: 571-576

81, Tiku ML, Shah R, Allison GT (2000) Evidence
linking chondrocyte lipid peroxidation to cartilage
matrix protein degradation. Possible role in cartilage
aging and the pathogenesis of ostecarthritis, J Biol
Chem 30: 20069-20076

82, Shah R, Raska K Jr, Tiku ML (2005) The presence
of molecular markers of in vivo lipid peroxidation in
osteoarthritic cartilage : a pathogenic role in osteoarth-
ritis. Arthritis Rheum 352 : 2799-2807

83. Hart DI, Doyle DV, Spector TD (1995) Association
between metabolic [actors and knee osteoarthritis in
women : the Chinglord Study. J Rheumatol 22: 1118

1123

84. McAlindon TE, Jacques P, Zhang Y, Hannan MT,
Aliabadi P, Weissman B, Rush D, Levy D, Felson DT
(1996) Do antioxidant micronutrients protect against
the development and progression of knee osteoarth-
ritis 7 Arthritis Rheum 39 : 648 656

85, Lakatta EG, Levy D (2003) Arterial and cardiac
aging : major shareholders in cardiovascular disease
enterprises : Part 1: aging arteries: a “set up” for
vascular disease. Circulation 107 : 139-146

86, Erusalimsky JD. Kurz DJ (2005) Cellular scnescenee
in vivo: its relevance in ageing and cardiovascular
disease. Exp Gerontol 40: 634-642

87. Nakagawa T, Akagi M, Hoshikawa H, Chen M,
Yasuda T, Mukai S, Mukai S, Ohsawa K, Masaki T,
Nakamura T, Sawamura T (2002) Lectin-like oxidized
low-density lipoprotein receptor 1 mediates leukocyte
infiltration and articular cartilage destruction in rat
zymosan-induced arthritis,  Arthritis Rheum 46: 2486
-2494

88. Nakagawa T, Yasuda T, Hoshikawa H. Shimizu M,
Kakinuma T, Chen M, Masaki T, Nakamura T,
Sawamura T (2002) LOX-1 expressed in cultured rat
chondrocytes mediates oxidized LDL-induced cell
death-possible role of dephosphorylation ol Akt
Biochem Biophys Res Commun 229 : 91-97

89 . Nishimura S, Akagi M, Yoshida K, Hayakawa S,
Sawamura T, Munakata H, Hamanishi C (2004) Oxid-
ized low-density lipoprotein (ox-LDL) binding to
lectin-like ox-LDL receptor-1 (LOX-1) in cultured

11



M.

bovine articular chondrocytes increases production of
intracellular reactive oxygen species (ROS) resulting in
the activation of NF-kappaB. Osteoarthritis Cartilage
12: 568-576

90. Akagi M. Ueda A, Teramura T, Kanata S, Sawamur-
a T. Hamanishi C (2009) Oxidized LDL binding to
LOX-1 enhances MCP-1 expression in cultured human
articular chondrocytes.  Osteoarthritis Cartilage 17 :
271-275

91. Kakinuma T, Yasuda T, Nakagawa T, Hiramitsu T,
Akiyoshi M, Akagi M. Sawamura T. Nakamura T
(2004) Lectin-like oxidized low-density lipoprotein
receptor | mediates matrix metalloproteinase 3 synthe-
sis enhanced by oxidized low-density lipoprotein in
rheumatoid arthritis cartilage.  Arthritis Rheum 50 :
3495-3503

92, Akagi M, Kanata S, Mori S, Itabe H, Sawamura T.
Hamanishi C (2007) Possible involvement of the oxid-
ized low-density lipoprotein/lectin-like oxidized low-
density lipoprotein receptor-1 system in pathogenesis
and progression of human osteoarthritis. Osteoarthritis
Cartilage 15: 281-290

93. Simopoulou T, Malizos KN. Tsezou A (2007)
Lectin-like oxidized low density lipoprotein receptor 1
(LOX-1) expression in human articular chondrocytes,
Clin Exp Rheumatol 25: 605-612

94, Akagi M, Nishimura S. Yoshida K. Kakinuma T.
Sawamura T, Munakata [, Hamanishi C (2006) Cyclic
tensile stretch load and oxidized low density lipo-
protein synergistically induce lectin-like oxidized LDL
receptor-1 in cultured bovine chandrocytes, resulting in
decreased cell viability and proteoglycan synthesis. J
Orthop Res 24: 1782-1790

95, Sandell LJ, Aigner T (2001) Articular cartilage and
changes in arthritis. An introduction : cell biology of
osteoarthritis.  Arthritis Res 3: 107-113

96. Aubrey JH (2007) Pathology of osteoarthritis. In
Moskowitz RW, Altman RD, Hochberg MC, Buck-
walter JA, Goldberg VM (eds) Osteoarthritis. 4th ed,
Section 1: Basic Considerastion. Philadclphia :
Lippincott Williams & Wilkins, pp 51-72

97. Sandel LJ, Heinegard D, Hering TM (2007) Cell
Biology, Biochemistry, and Molecular Biology of
Articular Cartilage in Osteoarthritis.  In Moskowitz
RW, Altman RD, Hochberg MC. Buckwalter JA.
Goldberg VM (eds) Osteoarthritis. 4th ed, Section | :
Basic Considerastion. Philadelphia: Lippincott Wil-
liams & Wilkins, pp 73-106

98, Buckwalter JA, Mankin HJ, Grodzinsky Al (2005)
Articular cartilage and osteoarthritis.  AAOS Instr
Course Lect 54: 465-479

99 . Martin JA, Buckwalter JA (2003) The role of chon-
drocyte senescence in the pathogenesis of osteoarthritis
and in limiting cartilage repair. J Bone Joint Surg Am
85: S106-110

100. Dimri GP, Lee X, Basile G. Acosta M, Scott G,
Roskelley C, Medrano EE, Linskens M, Rubelj I,
Pereira-Smith O (1995) A biomarker that identifies
senescent human cells in culture and in aging skin in

12

Akagi

vivo. Proc Natl Acad Sci USA 92: 9363-9367

101, Imanishi T, Hano T, Sawamura T. Nishio I (2004)
Oxidized low-density lipoprotein induces endothelial
progenitor cell senescence, leading to cellular dysfunc-
tion. Clin Exp Pharmacol Physiol 31 : 407-413

102, Kim NW, Piatyszek MA, Prowse KR, Harley CB,
West MD, He PL, Coviello GM, Wright WE, Weinrich
SL, Shay JW (1994) Specific association of human
telomerase activity with immortal cells and cancer.
Science 266 : 2011-2015

103, Osanai M, Tamaki T, Yonekawa M. Kawamura A,
Sawada N (2002) Transient increase in telomerase
activity of proliferating fibroblasts and endothelial
cells in granulation tissue of the human skin. Wound
Repair Regen 10: 39 66

104, Wege H, Briimmendorf TH (2007) Telomerase acti-
vation in liver regeneration and hepatocarcinogenesis
Dr. Jekyll or Mr. Hyde ? Curr Stem Cell Res Ther 2:
31-38

105, Parsch D, Fellenberg J, Brummendorf TH, Eschl-
beck AM, Richter W (2004) Telomere length and
telomerase activity during expansion and differentia-
tion of human mesenchymal stem cells and chon-
drocytes. ] Mol Med 82: 49-55

106, Broccoli D, Young JW, Lange, T (1995) Telomer-
ase activity in normal and malignant hematopoictic
cells. Proc Natl Acad Sci USA 92: 9082-9086

107. Masutomi K, Yu EY. Khurts S, Ben-Porath I,
Currier JL, Metz GB. Brooks MW, Kaneko S, Mura-
kami S. DeCaprio JA, Weinberg RA, Stewart SA,
Hahn WC (2003) Telomerase maintains telomere struc-
ture in normal human cells. Cell 114: 241-253

108, Liu JP (1999) Studies of the molecular mechanisms
in the regulation of telomerase activity. FASEB J 13:
2091-2104

109, Jeong SJ, Dasgupta A, Jung KJ, Um JH, Burke A,
Park HU, Brady IN (2008) PI3K/AKT inhibition
induces caspase-dependent apoptosis in HTLV-1-trans-
formed cells. Virology 370 : 264-262

110, Datta SR, Brunct A, Greenberg ME (1999) Cellular
survival 1 a play in three Akts. Genes Dev 13: 2905~
2927

111, Oh CD, Chun 1S (2003) Signaling mechanisms
leading to the regulation of differentiation and
apoptosis of articular chondrocytes by insulin-like
growth lactor-1. J Biol Chem 278 : 36563-36571

112, Starkman BG, Cravero JD, Delcarlo M, Loeser RF
(2005) TGF-1 stimulation of proteoglycan synthesis by
chondrocytes requires activation of the PI 3-kinase
pathway but not ERK MAPK. Biochem 1 389: 723-
729

113, Chen J, Goligorsky MS (2006) Premature senes-
cence of endothelial cells : Methusaleh's dilemma. Am
J Physiol Heart Cire Physiol 290: H1729-1739

114, Yuan XM, Li W, Dalen H, Lotem J, Kama R,
Sachs L, Brunk UT (2002) Lysosomal destabilization
in p53-induced apoptosis. Proc Natl Acad Sci USA
99 : 6286-6291

115, Buckwalter JA, Mankin HJ (1998) Articular Carti-



Chondrocyte senescence and osteoarthritis : role of oxidized LDL-induced oxidative stress

lage : Tissue Design and Chondrocyte-Matrix Interac-
tions. Instr Course Lect 47 : 477-486

116, Poole AR, Guilak F, Abramson SB (2007)
Etiopathogenesis of Osteoarthritis. In : Osteoarthris :
Diagnosis and Medical/Surgical Management, Forth
Edition, Moskowitz RW, Aliman RD, Hochberg MC,
Buckwalter JA, Goldberg VM (eds) Philadelphia.
Lippincott Williams and Wilkins, pp 27-49

117, Pfander D, Swoboda B. Kirsch T (2001) Expression
of early and late differentiation markers (proliferating
cell nuclear antigen, syndecan-3, annexin VI, and alka-
line phosphatase) by human osteoarthritic chon-
drocytes. Am J Pathol 159: 1777 1783

118, Kamekura S. Kawasaki Y. Hoshi K, Shimoaka T.
Chikuda H, Maruyama Z, Komori T, Sato S, Takeda
S, Kargenty G, Nakamura K, Chung Ul Kawaguchi H
(2006) Contribution of runt-related transcription factor
2 to the pathogenesis of osteoarthritis in mice after
induction of knee joint instability. Arthritis Rheum
54: 2462-2470

119, Marriott A, Ayad S, Grant ME (1991) The synthesis
of type X collugen by bovine und humun growth-plate
chondrocytes. J Cell Sc1 99: 641-649

120. Buckwalter JA. Glimcher MJ, Cooper RR. Recker
R (1996) Bone biology IT1: Formation, form, modeling,
remodeling, and regulation of cell function. Instr
Course Lect 45: 387-399

121, Morita K, Miyamoto T, Fujita N, Kubota Y, Tto K,
Takubo K. Miyamoto K, Ninomiya K, Suvzuki T,
Iwasaki R, Yagi M, Takaishi H. Toyama Y, Suda T
(2007) Reactive oxygen species induce chondrocyte
hypertrophy in endochondral ossification. J Exp Med
204 16131623

122, Kanata S, Akagi M, Nishimura S, Hayakawa S,
Yoshida K. Sawamura T, Munakata H, Hamanishi C
(2006) Oxidized LDL binding to LOX-1 upregulates
VEGF expression in cultured bovine chondrocytes
through activation of PPAR-gamma. Biochem Biophys
Res Commun 348 : 1003-1010

13



