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THE ROLE OF AGING IN THE DEVELOPMENT
OF OSTEOARTHRITIS
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ABSTRACT

Osteoarthritis (OA) is the most common form of arthritis and a signifi-
cant cause of pain and disability in older adults. Among the risk factors
for OA, age is the most prominent. This review will discuss the relation-
ship between aging and the development of OA, with a particular focus
on mechanisms relevant to cartilage degeneration and the role of exces-
sive levels of reactive oxygen species. Rather than just causing random
oxidative damage, an increase in reactive oxygen species that leads to
oxidative stress disrupts specific cell signaling pathways. This disruption
in cell signaling affects the ability to maintain the cartilage extracellular
matrix and eventually causes cell death. By understanding the specific cell
signaling pathways that lead to OA through altered redox signaling, novel
targets will be discovered that will be an advance over the current non-
targeted anti-oxidant approach that has not been successful in treating
chronic diseases of aging such as OA.

INTRODUCTION

Osteoarthritis (OA) is one of the most common causes of pain and
disability in adults (1). There are a host of risk factors for the develop-
ment of OA that include joint injury, obesity, genetic predisposition,
and abnormal joint shape and alignment. However, the factor that has
the greatest influence on the incidence and prevalence of OA is age.
More than 30 million adults in the United States have been diagnosed
with OA (2). The aging of our population, along with the increase in
obesity seen at all ages, is expected to more than double the numbers
of individuals with OA by 2030 to 67 million with greater than 50% of
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OA cases appearing in the 65-years and older age group (3). The loss of
productivity due to the pain and disability of OA, along with the costs
of caring for individuals with OA, has been estimated to cost $27 billion
annually in the United States (4).

A major limitation in the management of patients with OA is the
lack of any therapy that can slow the progression of the disease.
Non-pharmacologic approaches such as exercise and weight loss can
improve symptoms but to date have not been found to impact disease
progression (5,6). The same is true for non-steroidal anti-inflammatory
drugs, including cyclooxygenase-2 inhibitors, intra-articular injections
of hyaluronic acid or corticosteroids, nutritional supplements includ-
ing glucosamine and chondroitin sulfate, and arthroscopic surgery
including anterior cruciate ligament or meniscus repair as well as joint
debridement and/or irrigation. Patients will also try numerous home
remedies for OA, such as gin-soaked raisins or wearing copper brace-
lets. The typical OA patient will often try many of these interventions
and can sometimes experience temporary and intermittent improve-
ment in symptoms, but over time will note that “nothing seems to help
anymore,” resulting in a need for joint replacement surgery. Thus, the
lack of any intervention that targets the disease process has resulted
in a substantial increase in joint replacement surgery (7). Clearly, a
safe, effective and less-expensive treatment that can alter the course of
the disease will have a major impact on both quality of life and future
health-care expenditures.

The obvious billion dollar question is how do we slow or stop the
progression of joint damage and improve symptoms in individuals with
OA. Failed attempts have been reported with not only the interventions
noted above, but with other therapies ranging from vitamin D supple-
mentation to bisphosphonates, calcitonin, and inhibitors of nitric oxide
synthase, to name just a few (6,8-10). There are a number of reasons
that might explain why attempts at disease modification have not met
with success. First, although the understanding of the pathogenesis of
OA has come a long way over the past two decades, there is still much
to be learned to choose better targets for therapy. Second, pre-clinical
animal models of OA with better translation to the human disease are
needed as are more precise imaging and blood biomarkers that can be
used to predict and measure disease progression. Third, OA is a multi-
factorial condition and the pathway to OA from one particular risk fac-
tor, such as joint injury, is likely quite different from that of a different
risk factor, such as obesity. This suggests that interventions will need
to target a specific OA phenotype rather than the current approach of
treating all OA patients in a similar manner.
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The most common and perhaps most obvious OA phenotypes to
consider for targeted therapies would include post-traumatic OA that
occurs after a joint injury, OA associated with obesity that appears
to be related not only to increased joint loading from greater body
weight but also systemic metabolic disturbances due to increased fat
mass, and OA that is related to aging changes occurring within the
joints but likely systemically as well. Because aging may contribute
to the development of OA no matter the inciting cause, there has
been a growing interest in determining the basic mechanisms by
which aging and OA are related to target the aging aspects of the
condition (11).

CARTILAGE AGING AND OA

OA is a slowly progressive disease of synovial joints characterized
pathologically by focal destruction of the articular cartilage, a hypertro-
phic response in neighboring bone that results in osteophyte formation
and subchondral sclerosis, variable degrees of synovial inflammation,
a thickening of the joint capsule, and damage to soft tissue structures
including ligaments and, in the knee, the meniscus (12). The destruc-
tion and loss of the articular cartilage is central to the development of
OA and most of the research to date on aging mechanisms relevant to
OA has focused on changes in the cartilage (11). It is important to note
that joint aging and OA are not one and the same but rather aging
changes can make the development of OA more likely to occur. With
normal aging the cartilage appears slightly brown due to an accumu-
lation of advanced glycation end-products (13) and is thinner than in
young adults but is otherwise smooth and intact. The accumulation of
advanced glycation end-products has been found to alter the biome-
chanical properties of cartilage making it more “brittle” and suscep-
tible to degeneration (14). In contrast, in joints affected by OA there
is marked destruction and loss of the cartilage accompanied by osteo-
phytes and subchondral bone thickening.

The destruction and loss of the articular cartilage in OA is driven
by an imbalance in the production and activity of pro-inflammatory
and catabolic mediators, including a host of cytokines and chemo-
kines, relative to the activity of anabolic factors, including the growth
factors insulin-like growth factor 1 (IGF-1) and osteogenic protein 1
(OP-1), also known as bone morphogenetic protein -7 (15). The imbal-
ance in catabolic and anabolic signaling results in overproduction of
matrix degrading enzymes including the matrix metalloproteinases
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(MMPs) and aggrecanases. MMP-13 is important because of its ability
to degrade type II collagen, the major structural protein in cartilage
which provides the tissue’s tensile strength, whereas the aggrecanases
are notable for their ability to degrade aggrecan, the large proteogly-
can that is responsible for the resiliency of cartilage.

Aging processes that promote an imbalance in chondrocyte signaling
resulting in increased production of MMPs and aggrecanases would
be central to the development and progression of OA. A focus of our
research efforts, and others in the field, has been on gaining a better
understanding of the basic molecular mechanisms driving this imbal-
ance in signaling. This could be due to cellular senescence and the
development of what has been termed the senescence-associated secre-
tory phenotype (11). The senescence-associated secretory phenotype is
characterized by increased production of many of the same cytokines,
chemokines, and MMPs found in OA cartilage, suggesting that OA
chondrocytes assume a senescent phenotype. More studies are needed
to define the underlying mechanisms of chondrocyte senescence and
to determine if removal of senescent cells using compounds that have
been called “senolytics”(16) would slow the progression of OA and be
disease and/or symptom modifying.

AGING, OXIDATIVE STRESS, AND OA

Hallmarks of aging have been proposed, such as cellular senescence
and telomere attrition, that are believed to represent key mechanisms
by which aging contributes to the development of age-related condi-
tions (17). One of the hallmarks is mitochondrial dysfunction which
can promote age-related disorders in part through increased levels of
reactive oxygen species (ROS). Age-related mitochondrial dysfunction
has been suggested as a contributing factor in the development of OA
(18-20). To obtain in vivo support for the hypothesis that mitochon-
drial dysfunction promotes the development of OA through increased
levels of ROS, we evaluated the severity of naturally occurring OA in
transgenic mice engineered to express human catalase targeted to the
mitochondria (MCAT mice). These mice, developed by Peter Rabino-
vitch, have been shown to have reduced markers of oxidative stress
with aging, accompanied by a reduction in age-related pathology and
increased lifespan (21,22). Compared to age-matched wild-type con-
trols, we found that the 18- to 33-month-old male MCAT mice had a
modest but significant reduction in the severity of OA changes in knee
articular cartilage (23).
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Increased levels of ROS can result in oxidative damage which is one
mechanism by which ROS can promote age-related disease. Immu-
nohistochemical studies of human, non-human primates, and mouse
articular cartilage, have shown the presence of the oxidative damage
marker nitrotyrosine in aged and OA cartilage (20,24). However, ROS
also have a normal physiologic function as regulators of cell signaling
(25). It is thought that elevated levels of ROS, found in oxidative stress
conditions, could promote age-related conditions through the disrup-
tion of physiologic signaling (26,27).

In a series of studies, we have shown that oxidative stress occurs with
aging in articular cartilage and this promotes an imbalance in catabolic
and anabolic signaling that could play a key role in the development of
OA (Figure 1). IGF-1 and OP-1 are key cartilage growth factors and we
showed a reduced response of human articular chondrocytes to IGF-1
or the combination of IGF-1 and OP-1, resulting in reduced matrix
gene expression and matrix protein synthesis (28,29). The reduced
response to these growth factors appears to be due to altered cell sig-
naling mediated by oxidative stress. Although low physiologic levels of
ROS promote IGF-1 signaling, we have found that the levels of ROS
that occur under oxidative stress conditions inhibit IGF-1-mediated
Akt activation (necessary for chondrocyte matrix synthesis and
survival) and increase activation of catabolic mitogen-activated protein
kinase pathways (29-31). Chondrocyte ROS-mediated signaling that
regulates MMP expression has been noted in response to cytokines
including interleukin 1B and tumor necrosis factor o (32—35) and to
stimulation of chondrocytes by fibronectin fragments that have been
found to accumulate in OA cartilage (36). Unlike anabolic signaling
that declines with age, we found that chondrocytes from older adults
become more responsive to stimulation by interleukin-1 and fibronec-
tin fragments (37).

Normally, the cellular levels of ROS are controlled by the balance
of ROS production and the activity of various anti-oxidants. Glutathi-
one is a major intracellular anti-oxidant and we noted an age-related
increase in the amount of oxidized relative to reduced glutathione con-
sistent with an age-related increase in ROS (38). The peroxiredoxin
(Prx) family of thiol peroxidases is responsible for the control of intra-
cellular levels of the H,O,. Because H,O, is the ROS that is most impor-
tant in the regulation of cell signaling, the control of H,O, by the Prxs
is thought to be central to redox signaling (39). When levels of ROS
become excessive, Prxs are inactivated through hyperoxidation. Using
an antibody that recognizes hyperoxidized Prxs (Prx-SO,,,), we noted the
presence of increased levels of hyperoxidized Prxs in human cartilage
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Fic. 1. Oxidative stress due to aging contributes to the development of osteoarthritis.
Age-related oxidative stress results in increased levels of reactive oxygen species (ROS)
in articular chondrocytes. Excessive ROS disrupts cell signaling to inhibit anabolic and
promote catabolic signaling that results in reduced matrix production and increased
production of matrix metalloproteinases (MMPs) and pro-inflammatory cytokines as
well as increased chondrocyte death. These changes in turn lead to cartilage destruction
and osteoarthritis.

from older adults with a further increase noted in OA cartilage (23). In
that study, we showed that chondrocytes from older adults were more
susceptible to Prx hyperoxidation when exposed to ROS and this was
associated with inhibition of IGF-1-mediated phosphoinositide 3 (PI-3)
kinase—-Akt signaling and promotion of p38 activation that resulted
in chondrocyte cell death (Figure 2). We went on to show that expres-
sion of catalase targeted to the mitochondria could inhibit these effects,
resulting in restoration of normal IGF-1 signaling and promotion of
cell survival.

CONCLUSIONS

There are likely multiple factors related to aging that promote the
development of age-related conditions such as OA. A central feature
of OA is the imbalance in catabolic and anabolic signaling in carti-
lage that results in progressive matrix destruction. Our studies are
providing evidence that age-related oxidative stress plays a key role
in this catabolic-anabolic imbalance. Studies on the molecular mecha-
nism are revealing excessive oxidation of key anti-oxidant systems in
chondrocytes including glutathione and the peroxiredoxins. Oxidative
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Fia. 2. Mechanism by which increased levels reactive oxygen species (ROS) disrupt
signaling through hyperoxidation of peroxiredoxins. Low physiologic levels of ROS are
controlled by the peroxiredoxins (Prxs) and promote phosphoinositide 3 (PI-3) kinase-Akt
signaling. As levels of ROS rise, Prxs are hyperoxidized to the PrxSO,,, state which caus-
ing their inactivation and loss of redox control. This results in the inhibition of PI-3
kinase-Akt signaling and activation of specific mitogen-activated protein (MAP) kinase
signaling pathways that increase production of matrix degrading enzymes and eventu-
ally cause cell death resulting in cartilage destruction and osteoarthritis.

inactivation of anti-oxidant systems allows for rising levels of intracel-
lular ROS that cause disruption of physiologic signaling. The failure of
simple anti-oxidants to impact aging and age-related disease may be
related to their inability to specifically target this disrupted signaling.
Future interventions that can restore proper redox signaling in aging
chondrocytes hold promise for the treatment of OA.
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DISCUSSION

Billings, Baton Rouge: Last year, President Anne Moore commented on what was
called a Pointe Vedra syndrome (a favorite location of ACCA members). That is familiar
to everyone in the audience. And that was reported in 1981 by Daniel Deykin, and it
showed that the bleeding time was prolonged not only by aspirin. It was not prolonged
by 125 cc’s of vodka. But when they were added together there was potentiation and
bleeding time was even more prolonged by the two together. So I am asking if vodka has
anything to do with the gin-raisin issue that you discussed earlier. And is a joint affected
directly by the alcohol, or is the cognition of what is going on in the joint affected.

Loeser, Chapel Hill: Well that’s a very interesting question. You’re supposed to let
the raisins dry out so that the alcohol content drops off. I know there is an interest in
this topic, because if you heard of the people’s pharmacy, they had recentlly] a series of
questions given to them and it was about whether golden raisins were as effective as
the dark raisins for this particular therapy. So I think there is a lot of work that we still
need to be doing.

Williams, Wilmington: As a geriatrician I advise my patients to walk at least 30
continuous minutes a day with the rationale that you’re stimulating the growth and
repair side of the cascade and therefore inhibiting the decline in decay in inflamma-
tory pathways. And it has to be 30 continuous minutes as opposed to two, 15-minute
segments. Is there any rationale to that?

Loeser, Chapel Hill: That’s a good question. The other side of the research that I do
on the clinical side is actually looking at the effects of exercise and weight loss for people
with osteoarthritis in the knee. We have done several large randomized controlled trials
to show that exercise and weight loss are a benefit. But when we’ve looked at biomarkers
for cartilage degradation, and MRI changes, we haven’t been able to actually show any
effect of exercise and weight loss directly on the tissue. So it’s probably more in terms
of improving muscle function, reducing some of the mediators that come from fat by the
weight loss side. But whether or not that’s directly impacting the tissue it’s been hard
to show. But the point is important in terms of activity, because our joint tissues need
a certain level of activity to stay healthy. The nutrition that you get to your cartilage
comes in from the diffusion when you load your joint. So, for example, when they have
done MRIs on people that have been paralyzed, you start to see a thinning and loss of
joint tissue. So the activity probably plays an important role but demonstrating how that
might benefit the arthritic joint has been hard to do so far.

Barondess, New York City: Thank you very much for clarifying the origin of the
term gin-joint, which has perplexed me for a long time. My question has to do with the
fact that most of the chronic diseases that dominate the causes of death in this and other
developed countries appear particularly at older age. But the fact that they appear in
older age does not mean that old age is causative. That association, in fact, turns out to
be false for most of them, which have been present by a large for decades before they
become clinically apparent. My question is do you have any information about how long
before the clinical appearance of evidence of osteoarthritis, some of these metabolic and
cellular changes appear?

Loeser, Chapel Hill: Yes, that’s a very good question because when patients come to
see us with joint pain and loss of function they’re most commonly at a more advanced
stage. There are imaging studies that are being done, particularly with MRI, to try to
pick up earlier stages of diseases that are pre-symptomatic. And you can definitely find
that 5 to 10 years before someone is symptomatic in longitudinal studies, that they
have had some early changes within their joint tissues. The things that seem to be most
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predictive are for the knee joint and the meniscus. So, early degeneration or tears in the
meniscus and early changes in the synovium, some inflammation in the synovium, seem
to be predictive of disease occurring later. So, I do agree that it probably is starting at
an earlier time in life. The other important issue is the risk factors for OA. If you have
a joint injury — you tear your ACL — OA clearly develops earlier in life than if you
haven’t had that type of joint injury. But comparing young and old adults with an ACL
injury — when an older adult tears their ACL, OA develops much more rapidly than it
would occur in a young adult. So, I think aging is probably interacting with many of these
other risk factors.

Weinblatt, Boston: Richard, you talked today about potential targets that could
be focused on for the management of osteoarthritis. As you know, we have no disease-
modifying therapy outside of the orthopedic surgeon in OA, and with the population
aging and the extreme costs to society of total joint replacements, which are exponen-
tially increasing at a higher rate actually than some of the pharmaceutical products,
where are we going to go with disease-modifying therapy for OA?

Loeser, Chapel Hill: Great question. There is a lot of interest again in disease-
modifying therapy from the pharmaceutical industry. The bottleneck so far has been
the FDA requirement that for registration of a drug being disease-modifying, you had
to show that you slowed progression by measuring joint space width, which is a very
insensitive measure. You have to have a large number of people to be able to see that.
And that held a lot of companies back from going into that area. The Osteoarthritis
Research Society (Marc Hochberg is up there to talk next) has been involved in trying
to come up with new recommendations to the FDA for other measures such as MRI that
might be better for drug companies to be able to use, rather plain films. So that is sort of
where the field is now. There are disease modifying drugs that are in clinical trials right
now and we’ll wait and see how those turn out. But the limitation has really been the
outcome measures to register a drug that way.

Hochberg, Baltimore: So, a brief comment and a question. So, the comment is on
Dr. Billings’ question: I think it’s the botanicals in gin as compared to the fact that vodka
is just distilled from grain. But it would be interesting to have our ACCA group maybe
do a randomized trial comparing different types of gin with different botanical mixtures
to see if that might make a difference in their raisins and then a multifactorial design
with sultanas versus dark raisins. So, the question is that the incidence of osteoarthritis
as measured by radiographs tends to drop off in the 8" and 9* decades. It appears, then,
that if people are going to get the radiographic changes of osteoarthritis, that they usu-
ally get it by a certain age. But they are then protected against it if they live longer.
And more individuals are living longer, particularly the members of this society (which
I think has a protective effect on survival). Do you have any speculations as to why some
people are protected from getting osteoarthritis based on your research?

Loeser, Chapel Hill: I think that is a fantastic question and I don’t have the answer,
but people are living longer and longer who don’t seem to get OA. Other aging changes
may be also less pronounced in that particular population. So, it may be that these are
people that have healthy aging. We know that aging is playing an important role in
osteoarthritis, so they may have a number of different reasons why they have lived that
long. And it may be related to some healthy genes and other things that also protect
them from getting an age-related disease such as osteoarthritis.





