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Abstract

Posttraumatic osteoarthritis (PTOA) is the most common form of osteoarthritis (OA) of the ankle joint. PTOA occurs
as a result of several factors, including the poor regenerative capacity of hyaline articular cartilage as well as increased
contact stresses following trauma. The purpose of this article is to review the epidemiology, pathogenesis, and potential
targets for treatment of PTOA in the ankle joint. Previous reviews primarily addressed clinical approaches to ankle PTOA,
while the focus of the current article will be specifically on the newly acquired knowledge of the cellular mechanisms
that drive PTOA in the ankle joint and means for potential targeted therapeutics that might halt the progression of
cartilage degeneration and/or improve the outcome of surgical interventions. Three experimental treatment strategies are
discussed in this review: (1) increasing the anabolic potential of chondrocytes through treatment with growth factors such
as bone morphogenetic protein-7; (2) limiting chondrocyte cell death either through the protection of cell membrane with
poloxamer 188 or inhibiting activity of intracellular proteases, caspases, which are responsible for cell death by apoptosis;
and (3) inhibiting catabolic/inflammatory responses of chondrocytes by treating them with anti-inflammatory agents such
as tumor necrosis factor-o. antagonists. Future studies should focus on identifying the appropriate timing for treatment
and an appropriate combination of anti-inflammatory, chondro- and matrix-protective biologics to limit the progression of
trauma-induced cartilage degeneration and prevent the development of PTOA in the ankle joint.
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modeled in cadaveric human cartilage obtained from the
ankle joint. The current review literature on the experimental
treatment of ankle PTOA is lacking. In 2006, Polyzois et al.*
reviewed new biologic interventions for repair of cartilage
damage. However, since this time many new studies have
been published that increase our understanding of the mecha-
nism of ankle PTOA and thus provide insight into new treat-
ment strategies, including but not limited to (1) increasing the
anabolic activity of chondrocytes through treatment with bone
morphogenetic protein-7 (BMP-7); (2) limiting chondrocyte

Introduction

Ankle joint (talocrural) cartilage is unique in anatomy,
mechanical load, biochemical composition, metabolism,
and disease pattern. While this joint is highly susceptible to
physical injury that may lead to the development of post-
traumatic osteoarthritis (PTOA), it is simultaneously less
prone to idiopathic degenerative disease of the cartilage
(i.e., primary osteoarthritis) as compared to other joints."?
The prevalence of ankle joint osteoarthritis (OA) is less
than 2% in comparison to more than 40% in the knee or hip
joints. PTOA occurs as a result of direct injury to articular

cartilage after events such as articular fracture, chondral
injury, or ankle sprain. Overall, PTOA accounts for more
than 12% of symptomatic OA in all articular joints, with the
ankle joint among the most commonly affected.’ Because
of the ankle’s increased susceptibility to PTOA, a number
of experimental studies have been performed in recent years
to more clearly define the mechanism of ankle PTOA and to
identify targets for biologic interventions to impede the
osteoarthritic process following injury to the ankle joint.
The purpose of this article is to review the epidemiology,
pathogenesis, and potential targets for treatment of PTOA
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cell death with the use of poloxamer 188 (P188) or caspase
inhibitors; and (3) inhibiting catabolic/inflammatory responses
of chondrocytes by treating them with anti-inflammatory
agents such as tumor necrosis factor-a. (TNF-a)) antagonists.

Unique Characteristics of Human
Ankle Cartilage

Ankle cartilage has been found to be thinner and more uni-
form than knee cartilage, with tibial and talar surfaces ranging
from 1.06 to 1.63 mm and from 0.94 to 1.62 mm, respec-
tively.” Ankle cartilage is composed of hyaline cartilage.
Hyaline articular cartilage is divided into 4 zones: tangential
(superficial), transitional (middle), radial (deep), and calci-
fied.® The superficial zone consists of horizontally aligned
chondrocytes, most of which are paired with approximately
25% of chondrocytes found in single-cell patterns.” This is
distinct from the knee joint, in which more than half of the
chondrocytes of the femoral condyles and patellar groove are
arranged in strings and clusters, respectively. Furthermore, the
distance between chondrocytes is significantly greater in the
talus compared to the femoral condyles.”

It is thought that ankle cartilage, in comparison to knee
cartilage, has a greater capacity for repair.® Ankle cartilage
has increased stiffness and decreased permeability due to an
increased amount of proteoglycans and water.® Furthermore,
the extracellular matrix of ankle cartilage has an increased
density, which provides an increased resistance to load and
decreased sensitivity to mechanical damage.’ In articular car-
tilage, chondrocytes represent the only cell type and maintain
the extracellular matrix through the balance of anabolic and
catabolic activities. Chondrocytes found in ankle cartilage
synthesize proteoglycans at an increased rate, leading to
increased capacity for repair.® In comparison to knee chon-
drocytes, ankle chondrocytes are more responsive to anabolic
factors, such as osteogenic protein-1."" Ankle lesions have
shown upregulation of C-terminal type II procollagen pro-
peptide and aggrecan turnover (epitope 836), markers of syn-
thesis, as compared to knee lesions.!! Meanwhile, ankle
chondrocytes are less responsive to catabolic mediators,
including fibronectin fragments and interleukin-1p, both of
which have been shown to inhibit proteoglycan synthesis.'>"
Levels of matrix metalloproteinases (MMPs), enzymes
responsible for the degradation of extracellular matrix pro-
teins, also differ between the ankle and knee joints. In normal
ankle cartilage, mRNA expression of matrix metalloprotein-
ase-8 (MMP-8) has been found to be undetectable, whereas
normal knee cartilage showed the presence of this MMP."*

Prevalence of Osteoarthritis and
Posttraumatic Osteoarthritis in the Ankle

Osteoarthritis is the leading cause of joint disability in the
United States, affecting 27 million people.”” Of the lower

limbs, the hips, knees, and first metatarsophalangeal joints
are most commonly affected. In comparison, OA of the
ankle is relatively rare, affecting as low as 1% of the popu-
lation.'® In a study looking at 500 patients with limb joint
OA, the incidence of ankle OA was 4.4% with a male-to-
female ratio of 0.8:1.0." Similar trends have been observed
in our long-standing collaboration (over 25 years) with the
Gift of Hope Organ and Tissue Donor Network (Itasca, IL)
using cartilage from donors with no documented history of
joint diseases. Cartilage degeneration was less pronounced
in the ankle joint than in the knee as defined by joint mor-
phology scale (Fig. 1A). Also, with aging, cartilage degen-
eration was less severe in the ankle joint than that in the
knee joint (Fig. 1B and C)."®

PTOA is the predominant form of OA in the ankle,
accounting for 70% to 78% of cases, followed by secondary
arthritis (12% to 13%) and finally primary/idiopathic OA
(7% to 9%)."*" This differs from hip or knee OA, which is
largely idiopathic. Furthermore, among patients undergoing
total ankle arthroplasty, more than half have a primary diag-
nosis of PTOA !

Epidemiologic studies have reported that 13% to 18% of
patients undergoing a total ankle joint replacement had an
identifiable acute trauma to the joint.”* It has also been shown
that early onset of OA can occur within 10 years after injury,”
thereby indicating that patients with PTOA are much younger
(18-44 years) than those with idiopathic OA. On average, the
latency time between injury and end-stage OA is 20 years,
though patients who are younger at the time of initial injury
typically have a longer latency period.** In the United States
alone, there are approximately 5.6 million people suffering
from PTOA, which translates to an annual financial burden
of $3.06 billion on the health care system.”

Mechanism of Posttraumatic
Osteoarthritis

The key difference between PTOA and primary or idio-
pathic OA is the presence of a precipitating insult to the
joint, where the extent of cartilage damage depends on the
intensity and force of the impact and/or the change in joint
biomechanics and integrity due to overuse, overload, or
damage of other joint tissues.”® Regardless of the cause of
joint injury, PTOA develops as a result of poor intrinsic
regenerative ability of hyaline articular cartilage.” In terms
of intraarticular forces, tibiotalar instability has been shown
to significantly increase peak contact stresses.””** Even in
patients with surgically reduced ankle fractures, peak con-
tact stresses are significantly higher compared to normal,
contralateral ankles.”’ Moreover, an inflammatory response
that occurs immediately after fracture has been detected.
Synovial fluid from patients who suffered an intra-articular
ankle fracture showed elevated inflammatory cytokines at
17 days postinjury compared to controls.**!
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Figure I. Changes in morphological appearance of the ankle and knee cartilage from human organ donors with no documented

history of joint disease with age and degeneration as defined by the Collins morphology scale

For the most part, current surgical approaches treat the
developed pathology. The idea of biological interventions
or pharmacological treatment is based on the premise of
arresting and/or preventing the onset and progression of the
disease. Developing therapies that could reduce the inflam-
matory and degrading mediators will be key to prevent or
slow down PTOA.

Regenerative Capacity Following
Cartilage Impact

In 1743, William Hunter famously remarked that “ulcerated
cartilage is universally allowed to be a very troublesome
disease . . . when destroyed, it is never recovered.”* Exactly
250 years later, Shapiro et al.* partially disproved Hunter’s
assertion. In 1993, Shapiro showed that experimental PTOA
in New Zealand White rabbits resulted in mesenchymal
stem cell proliferation leading to regeneration of cartilage
that closely resembled normal hyaline cartilage as long as 8
weeks following impaction. However, by 12 weeks postim-
paction, degeneration of superficial zone cartilage had
begun with formation of vertical fissuring; worsened degen-
eration took place between 36 and 48 weeks. Perhaps most
importantly, Shapiro ez al.** showed that the newly synthe-
sized cartilage failed to integrate with the residual, unharmed
chondrocytes. In fact, polarized light microscopy found a

8,18

gap between areas of new and residual cartilage. Thus,
although it was possible for new cartilage cells to grow into
the areas affected by trauma, there were no signs of true
cartilage repair in which newly synthesized matrix inte-
grated with the remaining host tissue to create a functional
cartilage interphase.

Our laboratory simulated ex vivo injury to ankle cartilage
that potentially can resemble cartilage degeneration
observed in PTOA by subjecting a normal human talus to a
single impaction using a 4-mm cylindrical indenter with an
impulse of 1 N s as described.”* We found that impaction
resulted in chondrocyte death within the area of damage,
with only about one third of cells in the superficial layer
remaining alive immediately following injury. These results
coincided with those of Hembree ef al.,>> who showed that
chondrocyte death was significantly greater along the edge
of fractures and in the superficial zone in traumatically
injured human joint fragments.

Our studies showed that, over time, the level of cell death
increased both laterally and horizontally beyond the area
that experienced impaction directly. Importantly, cells that
surrounded the immediate damage zone were viable within
the first 48 hours; however, with time they showed evidence
of apoptosis and death, suggesting radial progression of car-
tilage damage. These results were consistent with those of
Tochigi etal.,*® who created distal tibial intraarticular
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PRP (platelet-rich plasma), and HA (hyaluronic acid).”’
However, their potency as DMOADs (disease-modifying
OA drugs) for the treatment of PTOA in the ankle joint has
not been explored as of yet.

Our laboratory described immediate cellular responses
to injury.”® Three phases have been identified: early phase,
intermediate phase, and late phase.”® The early phase is
characterized by cell death and the release and activation of
intracellular pro-inflammatory mediators that trigger matrix
degradation; intermediate phase is characterized by initia-
tion of anabolic responses; and late phase supposedly favors
matrix remodeling and anabolic processes. Based on these
mechanisms, 4 classes of potential therapies have been con-
sidered: (1) chondroprotective, (2) anti-inflammatory, (3)
matrix protective, and (4) pro-anabolic.?****2

The latest efforts in our laboratory have focused on test-
ing targeted therapeutics that could be easily translated to
patient care using the same methodology and the same
model of ankle cartilage injury as previously described.*
Among these were: BMP-7, also called osteogenic pro-
tein-1 (OP-1)*; anti-TNF-a; N-acetylcysteine (NAC)*;
interleukin-receptor antagonist (IRAP)*’; P188 surfactant;
and inhibitors of caspases.***® We found that each of these
listed biologics was able to prevent chondrocyte death,
although to a different degree, in our acute human ankle
injury model (Fig. 2). Application of P188, OP-1, and anti-
TNF-a also resulted in a better histological appearance of
cartilages subjected to impaction based on Safranin O
staining.

Based on these data and in line with timing of cellular
responses described in Anderson et al.,”® we selected the 3
most effective agents for combined therapy: P188 to protect
the cell membrane, anti-TNF-a to inhibit inflammatory
responses, and OP-1 to stimulate chondrocyte anabolism.
Three treatment schemas were tested over the course of 14
days culture using the same model as in Pascual-Garrido
et al.** (Fig. 3): Combination 1: P188 administered at day 0
for 48 hours + OP-1 administered at day 0 for 48 hours and
at days 7 to 14 + anti-TNF-a administered at days 0 to 7;
Combination 2: all 3 agents administered at day 0 for 48
hours and anti-TNF-a and BMP-7 administered again at
day 7 for 48 hours; Combination 3: all agents administered

Figure 2. Cell viability. Total refers to all layers of cartilage
explant (superficial, middle, deep). All agents were added to
parallel cultures immediately after impaction on day 0 and were
kept for 48 hours, after which they were replaced with fresh
media only. Measurements were made on day 0 immediately
following impaction, and then on days 2, 7, and 14. IC =

impacted control; OP-| = osteogenic protein-| added at 100
ng/mL concentration; TNF = tumor necrosis factor-o. (TNF-c)
antagonist, 100 ng/mL; NAC = N-acetyl-L-cysteine, 2.5 mM; IL-RA
= IL-1 receptor antagonist used at 20 ng/mL and 100 ng/mL; Pan-
caspase inhibitor Z = Z-VAD-FMK pan caspase inhibitor, 100 pM;
Pan-caspase inhibitor Q = Q-VD-OPh pan caspase inhibitor, 100
pM. Cell viability was assessed with Live/Dead Cell assay.

simultaneously at day 0 for 48 hours (Fig. 3A). Tissue and
media were collected on days 0, 2, 7, and 14 and analyzed
for cell viability, Safranin O staining, and proteoglycan
(PG) synthesis. It was found that Combined treatment 1 and
to a lesser extent 2 markedly improved cell survival not
only in the superficial zone but also throughout the entire
cartilage (Fig. 3B and C). Over the course of culture, the
percentage of viable cells remained higher in these 2 com-
bined groups. The percentage of live chondrocytes increased
from 59% in the impacted control (IC) to 84% in Combined
schema 1 (P =.006). Both Combinations 1 and 2 also had a
stronger effect on Safranin O staining and preservation of
matrix integrity than Combination 3 (data not shown).
Contrary to this, Combination 3 exhibited the highest effect
on PG synthesis, especially at the end of culture on day 14
(1.8-fold increase vs. IC or the other 2 combinations) (P <
0.05; Fig. 3D), confirming that anabolic/remodeling
responses are secondary to cell death and inflammation. To
the best of our knowledge, this is the first attempt to com-
bine biologic treatments of various modes of action in a
model of experimental PTOA. Presented data generated 2
important findings: (1) the same combination of agents, but
administered at various treatment regimens, can induce dif-
ferent effects. Prolonged administration of anti-TNF-a and
BMP-7 (Combination 1) had a strong effect on cell survival
and matrix preservation, but was less effective in inducing
chondrocyte synthetic activity, thereby suggesting that
overstimulation/overdosing may have a detrimental effect
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Figure 3. Effect of combined treatment on chondrocyte viability and proteoglycan synthesis in the model of ankle acute injury as

described in Pascual-Garrido et al.>*

(A) Schematic representation of combo groups. (B) Cell viability as measured by Live/Dead Cell

assay. UIC = un-impacted control; IC = impacted control. (C) Representative images of cartilage sections stained with calcein AM
(green fluorescence, live cells) and ethidium bromide homodimer-1 (red fluorescence, dead cells) (Molecular Probes, Eugene, OR).
(D) Proteoglycan synthesis was measured as described®: the cells were labeled with 5 uCi/mL **S-sulfate (Perkin Elmer, Boston, MA)
for 4 hours. The amount of **S-labeled PGs was analyzed by the alcian blue (Bio-Rad, Hercules, CA) precipitation method; the values
were normalized to the wet weight of each cartilage explant. All measurements were done in triplicate for each donor sample.

on chondrocyte anabolism; and (2) a window of opportu-
nity exists to arrest cell death and delay/prevent cartilage
degeneration. Reported in vitro data warrant further explo-
ration of combined biologic therapies for PTOA, especially
if they can target distinct mechanisms: cell survival, inhibi-
tion of catabolism, and stimulation of remodeling processes.
In this particular case, the chosen triad may have clinical
relevance since all 3 agents have already been approved by
the Food and Drug Administration for other use.

Conclusion

Ankle cartilage consists of the same cell type and the same
matrix constituents as other articular cartilages, although it
differs in thickness, biomechanical and biochemical
responses, and vulnerability to catabolic processes. The

unique anatomic and cellular characteristics of the articular
cartilage within the ankle joint make it more susceptible to
PTOA. Recent ex vivo studies have shown promise for ther-
apeutic approaches to ankle PTOA, both by increasing the
anabolic characteristics of ankle joint chondrocytes as well
as by limiting chondrocyte cell death. Unfortunately, there
is a limited number of investigations that have focused on
the understanding of human ankle cartilage physiology,
pathophysiology, and regenerative capacity. A concentrated
effort is therefore critical for further advancement of bio-
logic repair in PTOA. Along with surgical options and cell-
based cartilage repair applications, mechanism-based
targeted biologic intervention will have its niche if future
studies address the most effective formulation, composition
(in the case of platelet-rich plasma, for example), dose, and
delivery method of the biologic cocktail. In addition, the
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ideal time and duration of the intervention must be tested as
well as possible adverse side effects and the potential for a
combination of surgery and biologic therapy.
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