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Abstract

Two categories of joint overloading cause post-traumatic osteoarthritis (PTOA): single acute
traumatic loads/impactions and repetitive overloading due to incongruity/instability. We developed
and refined three classes of complementary models to define relationships between joint
overloading and progressive cartilage loss across the spectrum of acute injuries and chronic joint
abnormalities: explant and whole joint models that allow probing of cellular responses to
mechanical injury and contact stresses, animal models that enable study of PTOA pathways in
living joints and pre-clinical testing of treatments, and patient-specific computational models that
define the overloading that causes OA in humans. We coordinated methodologies across models so
that results from each informed the others, maximizing the benefit of this complementary
approach. We are incorporating results from these investigations into biomathematical models to
provide predictions of PTOA risk and guide treatment. Each approach has limitations, but each
provides opportunities to elucidate PTOA pathogenesis. Taken together, they help define levels of
joint overloading that cause cartilage destruction, show that both forms of overloading can act
through the same biologic pathways, and create a framework for initiating clinical interventions
that decrease PTOA risk.
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Introduction

Osteoarthritis (OA), the deterioration of synovial joints marked by joint pain and
dysfunction,! is the most common joint disease, a major cause of disability for middle age
and older people, and an important driver of health care costs. No intervention has been
proven to prevent the onset and progression of OA. Factors associated with increased risk of
OA include increasing age, chronic joint overloading, joint dysplasia, joint injury, and
neurologic disorders. Although acute and chronic joint overloading increase the risk of OA
in all joints and in all populations, the thresholds of joint overloading that cause OA and the
mechanisms responsible for OA due to excessive contact stresses remain obscure. To
discover joint overloading-progressive cartilage loss relationships we have studied post-
traumatic osteoarthritis (PTOA), the OA that develops following joint injury.26 This strategy
has provided opportunities to better understand the sequence of events that lead to OA
originating from a specific point in time.

Joint injuries that lead to PTOA include dislocations, ligament and capsular tears, meniscal
injuries, articular surface impactions, and intra-articular fractures.® Both the acute tissue
damage and post-traumatic residual joint abnormalities, primarily instability or surface
incongruity, lead to progressive loss of articular cartilage, bone remodeling, and changes in
the joint soft tissues collectively recognized as PTOA.® Joint dysplasia can also lead to
chronic joint overloading that puts the joint at risk for early onset OA. Clinicians studying
and caring for patients recognize that severity of joint injury and degree of articular surface
incongruity or joint instability increases the risk of PTOA. Yet, because they have been
unable to quantify the severity of injury or the degree of incongruity or instability that
predictably cause cartilage loss, and because the relationships between excessive articular
surface contact stresses and progressive joint destruction have not been defined, it has been
difficult to devise and sensibly test new therapies that may decrease the burden of PTOA.

Current optimized treatments of joint injuries often fail to prevent PTOA. In the case of
intra-articular fractures, as many as one in four patients develop OA after fractures of the
acetabulum, between 23% and 44% of patients develop knee OA after intra-articular
fractures of the knee and more than 50% of patients with fractures of the distal tibial
articular surface develop OA.# Patients who suffer anterior cruciate ligament (ACL) and
meniscal injuries of the knee have a ten-fold increased risk of OA compared to individuals
who do not have a knee injury.”-10

Breakthroughs in the treatment of joint injuries to forestall PTOA require elucidation of the
mechanisms responsible for cartilage loss following joint trauma, the capacity to reliably
predict PTOA risk, and methods of testing interventions that have the potential to decrease
the risk of the disease. We developed three classes of complementary models to address
these needs: /n vitro explant and whole joint models, /n vivo animal models, and patient-
specific computational models of acute joint trauma and chronic overloading (detailed in
Tables S-1, S-2, and S-3). Methodology choices have been coordinated across models to
maximize the benefit of this complementary approach (Table 1). The high-throughput of
rodent models is a valuable asset in drug discovery studies that require sorting through
dozens of treatment alternatives.1! Moreover, transgenic mouse models have yielded
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unprecedented mechanistic insights into the pathogenesis of PTOA.12 Though these models
are excellent for exploratory work, the main substance of our work has been to develop large
animal models for advanced pre-clinical treatment testing. A distinct advantage of larger
species over rodents is that their cartilage is thick enough to be imaged by MRI in vivo.
Furthermore, cartilage in most large-animal joints is present in quantities sufficient for
detailed physiological and biochemical analyses. In the case of our porcine intra-articular
fracture model, the human-like size of the joint enables surgical treatments identical to those
used in the clinical setting, a level of realism that cannot be matched in rodent versions of
the model.

In the studies included in this manuscript, articular injuries were uniformly delivered
specifically to functional load-bearing surfaces of the joints. Loading conditions were
comparably calibrated and validated. Consistent imaging methods, cell viability measures,
and histologic staining techniques were used. This has enabled us to build /n silico
biomathematical models based on the wealth of information derived from these
complementary models. Such models are being used to generate novel ideas for
interventions in PTOA. In one example, we simulated the balance between pro- and anti-
inflammatory factors in injured cartilage to predict if modest lesions would worsen over
time.13 The problem was treated as a conventional wound healing scenario, with TNF-a. and
erythropoietin (EPO) as the main co-regulating signals. Validation experiments in an explant
impact injury model confirmed the biomathematical model's prediction that locally produced
EPO promotes cartilage recovery after mechanical insults, findings that warrant testing of
EPO in an /n vivo setting. A major goal for the future is to develop a whole-joint model in
which synovitis and subchondral bone changes are simulated.

Class I: Explant and Whole Joint Models (Table S-1)

Viable Osteochondral Explants

We subjected fresh intact human and animal articular cartilage specimens, maintained in
environments simulating /n vivo conditions, to a range of acute impacts, repetitive loadings,
and direct mechanical injuries. Investigations using these explants have revealed that
injurious mechanical loads stimulate biologic responses that cause progressive cell death and
activate chondrocyte progenitor cells (CPCs).14-20

Impaction of articular surfaces led to consistent immediate release of chondrocyte
mitochondrial reactive oxygen species (ROS), an event followed by chondrocyte death.
Inhibition of mitochondrial electron transport prevented ROS release and preserved
chondrocyte viability.414-18.21-24 Antj-oxidants also preserved chondrocyte viability.
Disruption of the chondrocyte cytoskeleton and matrix adhesion proteins prevented ROS
release and helped maintain chondrocyte viability, suggesting that articular surface contact
stresses pass through the matrix, across the cell membrane, and through the cytoskeleton to
the mitochondria.

Repetitive physiologic cyclic loading of articular surfaces promoted lower levels of
mitochondrial ROS production than those caused by injurious impacts. These lower ROS
levels stimulated chondrocyte metabolism as measured by ATP production. Absence of

J Orthop Res. Author manuscript; available in PMC 2018 March 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Martin et al.

Page 4

physiologic cyclic loading, inhibition of mitochondrial electron transport, and the
introduction of anti-oxidants all led to decreased chondrocyte ATP production, suggesting
that chondrocytes may adapt to repetitive supra-physiologic but non-injurious levels of
cyclic loading by increasing their anabolic activity.

Impaction and mechanical injury of articular surfaces stimulated release of alarmins from
injured chondrocytes, and these molecules activated a population of superficial zone CPCs
that proliferated and migrated to regions of chondrocyte death.19:20 These cells differed from
both normal chondrocytes and mesenchymal stem cells in their expression of genes
responsible for production of inflammatory mediators and matrix degrading proteases. CPC
activation depended on high mobility group box 1 (HMGBZ1) binding to the receptor for
advanced glycation end-products (RAGE), one of a small family of alarmin-responsive
innate immune receptors that include toll-like receptors, which may play a role in
osteoarthritis.2>

The advantages of the viable explant models include their utility in studying cellular
responses to mechanical loads and injuries and in testing methods of blocking those
responses in intact articular cartilage. The limitations of these models include a reliance on
the use of artificial impactors to deliver mechanical loads and the inability to replicate the
complex biologic events and loading patterns of synovial joints /in vivo.

Ex Vivo Human Whole Joints

To study injuries that closely resemble those resulting from clinically significant impacts, we
developed a whole joint model of intra-articular fracture.28 Fresh human ankle joints were
obtained from amputation specimens. Within four hours of surgery, we subjected the joints
to acute loads that reproducibly caused intra-articular fractures. We used confocal
microscopy to measure chondrocyte viability immediately and at 24 and 48 hours following
injury. Immediately following injury, 20% of the superficial zone cells within 500 microns
of the fracture lines died. Over the next 48 hours, the proportion of dead cells in these
regions of the joint increased to 60%. In articular cartilage more than 500 microns from the
fracture lines, few cells died. Thus, even severe joint injuries caused little immediate
chondrocyte death, suggesting that, as the explant studies had indicated, chondrocyte
dysfunction and mediators released from injured cartilage cause progressive tissue damage
and that treatment of injured joints within hours, or perhaps even days, of injury could
preserve chondrocyte viability and restore joint health.

Ex Vivo Human Whole Joints

Ligament and capsular tears, including joint sprains and dislocations, also increase the risk
of PTOA, presumably because of residual joint instability and resulting abnormal joint
kinematics that expose the joint to repetitive overloading. An /n vitro study of cadaveric
human ankle joints, using a methodology that measured instantaneous joint surface contact
stresses, showed that joint instability increased peak contact stress by 20% to 25%, and
increased the peak temporal rate of change of contact stress by 115%.27-30

The principal advantage of human whole joint models, as compared with explant models, is
that the former make it possible to study a range of impacts transmitted across the entire

J Orthop Res. Author manuscript; available in PMC 2018 March 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Martin et al.

Page 5

normal opposing articular surfaces and to analyze the effects of incongruity and instability
on articular surface contact stresses. Limitations include the lack of bleeding and synovial
responses associated with /in vivo injuries, as well as the scarcity of available specimens.

Class II: In vivo animal models (Table S-2)

As we developed /n vivo animal models of joint injury, a critical focus was placed on
ensuring that any injuries produced involved the habitual weight-bearing surface of that
animal's joint.3! Specific consideration was given to determining the habitual posture of a
given animal species (e.g., rabbit knees are deeply flexed during their habitual posture of
squatting), which then had implications in choosing the appropriate surgical approaches
(e.g., posterior (popliteal) rather than anterior (medial para-patellar) in the rabbit) and
delivering mechanical insults upon the weight-bearing associated portion of the joint
surface.

Rabbit Medial Condyle Impacts

Joint surface contusions associated with dislocations or ligament and capsular tears
commonly do not cause intra-articular fractures. To simulate these types of injuries we
surgically exposed the weight-bearing region of rabbit medial femoral condyles, and then
applied controlled energy impacts of 2 or 4 Joules/cm? with a 5 mm diameter metal platen.
Like joint dislocations and ligament and capsular tears, the arthrotomy caused bleeding and
synovial inflammation. In five animals the impaction injury led to marked loss of staining
for matrix proteolgycans and fissuring and thinning of the articular cartilage at the impact
site at eight weeks following injury.

Based on the evidence that articular surface impact causes release of mitochondrial ROS that
leads to progressive chondrocyte death in vitro,16:18:22 we hypothesized that drugs that block
steps in the mechano-transduction pathway leading to ROS production would help maintain
chondrocyte viability and metabolism as measured by chondrocyte density and ATP
production. To test this hypothesis we subjected rabbit medial femoral condyles to 2
Joule/cm? impactions and immediately injected three different agents following injury:
amobarbital, a drug that reduces ROS by blocking mitochondrial electron flow, and
cytochlasin B and nocodazole, which disrupt the chondrocyte cytoskeleton thereby blocking
transmission of mechanical signals to the mitochondria, a strategy that had proven effective
in preserving cell viability in the /n vitro experiments.

At seven days after a 2 Joule/cm? impact femoral condyle matrix proteogly can staining was
reduced slightly and damage to cartilage was limited to scattered superficial fissures. All
three treatments improved both chondrocyte viability and ATP production compared to
untreated controls. Although cytochalasin B and nocodazole were less effective than
amobarbital, they also tended to ameliorate impact effects (Figure 1). These data show that
at least some of the progressive cartilage damage that follows mechanical insults is caused
by cellular reactions to injury, which are subject to intervention after the fact, and confirms
that the mechano-transduction pathway we found in /n7 vitro studies operates /n vivo.
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The rabbit joint impaction model is useful for testing acute treatments, but it may also be
used to study the long-term consequences of these interventions, as cartilage degenerates in
and around impact sites in untreated joints. The mild single chondral insult in this impact
model complements more severely damaging intra-articular fracture models, as well as
models that create chronically abnormal joint mechanics. One issue with this experiment is
that we injected the agents immediately after injury; this will not be possible in clinical
situations. Our /n vitro experiments showed that a delay in the interruption of the ROS
pathway for four hours after injury did not decrease the efficacy of the treatment.1’
However, it will be important to determine if interruption of the ROS pathway is still
effective for as long as a day after injury.

Rabbit Meniscal Destabilization

Ligamentous, capsular, and meniscal injuries in humans may not be associated with acute
damage to the articular cartilage, but these types of injuries also increase the long-term risk
of PTOA. The PTOA associated with these injuries is presumably a result of repeated joint
surface overloading, possibly caused by loss of soft tissues that stabilize the joint and
distribute loads, or by the movement of physiologic loading to areas of the articular surface
that are not typically subjected to load. To model these more subtle injuries, we created a
meniscal destabilization model in rabbits.32

By releasing the posterior horn of the medial meniscus in the rabbit knee, the load bearing
and distribution capability of the meniscus is lost to the same degree as if it was totally
removed. Medial meniscus destabilization increased peak articular contact stresses by 56%
compared to normal, and the location of peak contact stress moved approximately 0.5 mm
posterior-laterally. Meniscal destabilization and total meniscectomy both caused cartilage
degeneration within eight weeks. An advantage of this model is that the surgery is
straightforward and causes minimal collateral damage that would alter animal gait and limb
usage. This approach provides a relatively economical animal model in which to investigate
the progression of biological changes associated with chronic joint surface overloading and
allows study of interventions intended to prevent its adverse consequences.

Rabbit Partial and Complete ACL Transection

To simulate /n7 vivo graded instability we developed a rabbit ACL partial and complete
transection model and measured the degree of joint laxity.33 Increasing degrees of instability
correlated directly with increasing histologically-apparent articular cartilage damage at eight
weeks following injury.33 Together, the results of in vitro whole joint study showing that
ligamentous instability of human ankles increases articular surface contact stresses, the
meniscal destabilization study, and this ACL transaction study support the clinical
impression that joint instability increases joint contact stresses, which leads to OA. This
ACL transection model allows studies of interventions intended to prevent or delay the onset
of OA following injuries that cause joint instability without initial cartilage damage.

Goat Joint Impact and Meniscal Destabilization

A limitation of the rabbit /7 vivo models is the inability to monitor the onset and progression
of cartilage changes non-invasively; the thin articular cartilage and small size of the rabbit
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knee limits the ability to study changes in the joint without sacrificing the animals. For this
reason we established a goat model of joint injury with progressive joint degeneration that
can be monitored over time by MRI. The adult goat stifle joint anatomy is similar to that of
the human knee, and the goat has relatively long legs with a knee that fits in the same MRI
coil used for humans. To simulate human joint injuries that include acute cartilage impaction
without fractures and mild residual instability, we performed anterior partial meniscectomy
(APM) and impacted the goat medial femoral condyle through an anterior arthrotomy. In
addition to introducing mild instability, the APM opening provided direct access for
impaction of the load-bearing surface with a metal platen.

We document changes in the injured joints at multiple time points with MRI sequences
routinely used to follow human ACL-rupture patients. The MRIs shown in Figure 2 are from
an ongoing study of PTOA pathogenesis. Longitudinal T2-weighted fat-saturated fast spin
echo MRI sequences were acquired to look at bone marrow edema, articular cartilage, and
synovial fluid. Initial cartilage swelling and bone contusion progression over time are
consistent with that documented in humans with ACL injuries during the acute time period
of injury (3-day) to surgery (2-3 weeks).34-36

Yucatan Mini-Pig Intra-articular Fracture

Intra-articular fractures, even when anatomically reduced and stabilized, dramatically
increase the risk of PTOA. The viable whole human joint model of intra-articular fractures
showed that few chondrocytes are killed by the initial impact,2° raising the possibility that
post-injury treatment of these severe injuries might decrease the risk or delay the onset of
PTOA. However, small animal intra-articular fracture models have limitations including the
difficulty in reducing and stabilizing the fractures and thin articular cartilage. For these
reasons we designed a closed reproducible intra-articular fracture in Yucatan mini-pigs
(Figure 3) that made it possible to perform fracture reductions and stabilizations similar to
the current treatment of human intra-articular fractures, even using the same implants.3’

Intra-articular fractures were created in 22 Yucatan mini-pigs using identical fracture energy
and treated either with anatomic reduction and surgical fixation or with a 2 mm articular
surface step off and surgical fixation. Three months postoperatively, nearly all the animals
with articular surface step offs, and many with anatomic reductions, developed significant
cartilage degeneration, replicating the human problem where even anatomic reductions do
not always prevent PTOA.

The results of the explant and the rabbit femoral condyle impact studies discussed above
indicate that inhibiting ROS production or scavenging ROS could potentially preserve
chondrocyte viability and metabolism following joint injury. The Yucatan mini-pig model
provides a vehicle for investigation of the effects of inhibiting ROS, other biologic
interventions, and mechanical interventions on joint health in a model that simulates closed
human intra-articular fractures and their surgical treatment. The model can also be used to
study treatments designed to improve outcomes in joints with articular step offs and gaps
similar to those found in severe intra-articular fractures in humans. However, compared to
small animal models this model is expensive, and the creation and operative treatment of the
intra-articular fractures requires greater surgical and anesthetic skills.
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Class llI: Patient-specific computational models (Table S-3)

Results from the /in vitroand in vivo models suggest that it would be reasonable to initiate
clinical studies to assess the effect of biologic or improved surgical treatments of injured or
overloaded joints. However, a challenge in clinical studies of PTOA has been that it is not
known what mechanical factors most strongly influence its development and what levels of
increased contact stress predictably cause OA. For instance, the severity of an intra-articular
fracture and the elevated contact stress exposure after treatment (due to residual surface
incongruity) are two influential but uncontrolled and previously un-measurable mechanical
factors. This has largely precluded comparative multi-center studies on intra-articular
fractures, because to rigorously assess the effect of treatment of any condition, an
investigator must be able to measure risk factors. To address this need, and to define the
tolerance of human articular cartilage for overloading, we developed computational tools for
quantitative patient-specific assessment of mechanical factors involved in PTOA
development following intra-articular fracture.38-44 To assess the effect of joint overloading
in un-injured joints we studied patients with hip dysplasia.

Intra-articular Fracture Severity

Clinical experience supports the contention that the intensity of the original joint trauma
(fracture severity) is one of the most important factors contributing to PTOA. Based on
fracture mechanics principles, we developed objective techniques to measure the fracture
severity from CT scan data and validated them in surrogate bone specimens,38 bovine bone
specimens,3 and in an initial prospective single-center patient series of tibial plafond intra-
articular fractures.#243 The fracture severity metric correlated strongly with PTOA
development; in particular, fracture energy exceeding a specific threshold led to PTOA in
every patient within two years. The PTOA risk in this instance was regardless of reduction
quality, just as in the pig PTOA model. Recently we have expedited the analysis procedures
so that extending our original small series to a larger cohort is now feasible.#® This approach
has promise for identifying at-risk joints so that they can be stratified by their PTOA risk
based on the energy of injury.

Joint Incongruity

Elevated contact stress due to residual articular incongruity after intra-articular fracture is
another mechanical variable implicated in PTOA. Similar to fracture severity, the degree of
mal-reduction is difficult to objectively measure in patients. Furthermore, it provides but a
surrogate for the actual contact stress experienced by the joint. We developed computational
techniques to directly measure the post-reduction contact stress exposure after intra-articular
fracture treatment#0:41.46 and have shown that areas of high contact stress correlate with
progressive cartilage thinning. Our results have further suggested a cumulative contact stress
exposure threshold above which cartilage degeneration is likely (Figure 4).4* More recently,
we have developed expedited computational stress analysis techniques®’ making larger
multi-center studies now possible. Similar to fracture energy calculation this modeling
allows objective stratification of an important risk factor for PTOA. These observations are
now being explored further in the animal models of overload.
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Hip Dysplasia
The /n vivo rabbit meniscal destabilization model and patient-specific models of articular
surface incongruity showed that excessive contact stresses lead to cartilage loss and OA.
These observations raise the question: could decreasing excessive chronic contact stresses
decrease the risk of OA, and perhaps more importantly relieve symptoms? Dysplastic human
hips provide an opportunity to investigate this question. Studies of 84 patients at our
institution with unilateral hip dysplasia treated without surgery and followed for an average
of 29.2 years showed that increasing cumulative contact stress (a combination of elevated
contact stress acting over time) predicted joint degeneration with 90% relability.48:4°

In contemporary practice, peri-acetabular osteotomy (PAO) is a surgical treatment performed
in young adult patients with symptomatic dysplastic hips with the intent of relieving
excessive joint overloading and thereby decreasing joint pain and the likelihood of
progressive OA. Utilizing retrospective patient-specific computational stress analyses
performed in a series of consecutive patients treated with PAO, we found that decreased
peak contact stress during normal walking gait correlated significantly with improved
clinical outcome (pain/function) scores.>° Changes in visual analog scale (VAS) pain scores
(post-op — pre-op) correlated well with changes in maximum contact stress (n = 18, R2 =
0.6, p = 0.001 - Figure 5).

The principal advantage of patient-specific computational models is that they enable
quantitative assessment of the severity of injury and degree of chronic increased contact
stresses using measures that reliably predict which patients will later develop OA and
stratifies them for the degree of mechanical overload seen by the joint. Thus far, only
patient-specific models of intra-articular fractures and joint dysplasia have been developed
and tested. Patient-specific computational models of other joint injuries, for example
meniscal or ligamentous tears, would help advance understanding of the relationships
between these injuries and OA.

In silico biomathematical models: integrating knowledge for translation

Explant, human whole joint, and animal models of joint injuries and chronic joint
overloading provide crucial insight into the cellular processes that lead to PTOA. We have
focused these studies on a unique chondrocyte mechanotransduction pathway that regulates
critical aspects of energy metabolism. Mitochondria play a central role in the pathway by
producing free radicals in quantities proportional to load magnitude. Over-activation of the
pathway by acute and chronic overloading leads to oxidative stress, metabolic derangement,
and cell death. Drugs targeting the pathway have shown strong cytoprotective and
chondroprotective effects in ex vivo and in vivo models of PTOA.17:51 The patient-specific
computational models, and future refinements of these methods, can define the relationships
between acute and chronic joint overloading and the onset and progression of PTOA. The
remaining challenge is to integrate the knowledge gained about cellular responses to joint
overloading into the treatment of specific patients or to predict the effects of therapeutic
interventions at different points in time after joint injury.
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We have created /n sifico mathematical models of cellular and biochemical processes in
injured joints to meet this challenge. We refer to these models as “biomathematical” models,
and they offer a powerful method of clarifying complex interactions between multiple
variables. We first established a framework for the complex relationship between
chondrocyte behavior and the chemical signaling within cartilage after a blunt impact that
determines whether trauma leads to PTOA.52 Next, we modeled the effect of repetitive joint
overloading, and we introduced a mathematical structure into the general modeling
framework to gain flexibility in modeling delayed cellular responses to cytokines and
increase the speed of computation.>3 Most recently, we have explicitly introduced cartilage
biomechanics into our biomathematical models.

The value of biomathematical models is in their potential to help predict specific patient
outcomes across a wide range of joint injuries. By distilling the data from explant and
animal assays into parameters for biomathematical models, mathematics can translate
experimental data to clinically relevant knowledge. As one example, an appropriate
biomathematical model could be combined with a model of the severity of intra-articular
fractures, such as described above, to create a virtual joint. Such a tool would allow a
clinician to assess the severity of the trauma in a given patient, determine the probability and
time frame for PTOA pathogenesis, and help prescribe appropriate treatments at different
time points following injury.

Summary and Conclusions

The observations presented above show that OA is not the result of straightforward
mechanical wearing or acute high energy structural disruption of joint surfaces; instead it is
a multifaceted complex process that involves manifold interactions of contact stresses and
cellular responses. The daunting challenge of defining these interactions and the interplay
between joint loading and cell responses that cause OA, or maintain joint health, is one of
the reasons it has been difficult to find therapies that prevent or slow the progression of OA.

Study of PTOA can reveal the pathways likely to have a role in all forms of OA. Study of /n
vitro explant and whole joint cartilage injury models showed that cartilage injury causes
chondrocytes to overproduce ROS, which leads to progressive cell death and long-lasting
metabolic dysfunction.®* Interruption of the ROS pathway following joint injury with
multiple agents decreases cell death and maintains healthy chondrocyte metabolism.>* The
results of the models of joint overloading in the absence of joint injury suggest that
deleterious levels of ROS release have a role in all forms of OA — a suggestion that will
require further study.

Computational patient-specific models show that acute joint loading and cumulative joint
loading exceeding defined thresholds lead to the rapid loss of articular cartilage. These
results create the potential for identifying populations of patients who will certainly develop
OA and therefore would be candidates for experimental therapies. Evidence that decreasing
joint contact stresses in patients with hip pain and dysplasia relieves symptoms spurs pursuit
of new treatments of people at risk of OA caused or exacerbated by joint overloading.
Results from the /in vitroand in vivo models reveal a cellular mechano-transduction process
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that underlies the joint overloading-progressive cartilage loss phenomenon, thereby
establishing targets for drug interventions for these patients.

In conclusion, we have determined thresholds of acute and repetitive contact stress that
cause cartilage loss, identified cellular responses to acute and chronic mechanical overload
of articular surfaces that damage cartilage, and have discovered methods of interrupting
those pathways. Somewhat surprisingly, remarkably few chondrocytes are killed by even
extreme impact injuries, and acute and chronic contact stress induced chondrocyte
dysfunction may play a more important role in OA caused by joint injury. Preliminary short
term /n vivo experiments show that several of these methods maintain chondrocyte viability
and metabolic function following joint injury. We are currently engaged in longer-term
studies to determine if strategies to safely disrupt the overload-ROS pathway restore joint
health following injury or chronic joint overloading and to see if they can be integrated into
clinical practice.
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Clinical Significance

Considered collectively, studies extending from explants to humans show that thresholds
of joint overloading that cause cartilage loss can be defined, that to at least some extent
both forms of joint overloading act through the same biologic pathways, and
interventions that interrupt these pathways prevent cartilage damage. These observations
suggest that treatments that decrease the risk of all forms of OA progression can be
discovered.
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Figure 1. Results of inhibiting mechanical strain-ROS pathway following joint injury: (A) viable
chondrocyta/mm?’ and (B) chondrocyte ATP (ng/mg) [CTB: cytochlasin B, NOC: nocodazole,

AMO: amobarbital]
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Figure 2. MRI images of goat knee before and six months after impaction and partial
meniscectomy
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Figure 3. Intraoperative fluor oscopic images of the creation and surgical repair of an intra-
articular fracture of the distal tibiain the Yucatan mini-pig model
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Figure 4.
The relative proportion of articular surface area experiencing supra-threshold contact stress

was perfectly predictive of OA status two years following surgical reduction of displaced
intra-articular fractures of the distal tibia.
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Figure5.
Plot of changes in visual analog scale (VAS) pain score (post-op — pre-op) vs. change in

maxi

mum contact stress. VAS pain scores range from 0 to 10, with higher scores indicating

more pain. Lower contact stress values were computed in patients who experienced less

pain.
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