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Objective: To compare key intracellular redox-regulated signaling pathways in chondrocytes derived
from knee joint femoral cartilage and ankle joint talar cartilage in order to determine if differences exist
that might contribute to the lower prevalence of ankle osteoarthritis (OA).
Methods: Femoral and talar chondrocytes were treated with H,O, generators (menadione or 2-3-
dimethoxy-1,4-napthoquinone (DMNQ), fragments of fibronectin (FN-f)) to stimulate MAP kinase
signaling (MAPK), or with IGF-1 to stimulate the Akt signaling pathway. Hyperoxidation of the perox-
iredoxins, used as a measure of redox status, and phosphorylation of proteins pertinent to MAPK (p38,
ERK, JNK, c-Jun) and Akt (Akt, PRAS40) signaling cascades were detected by immunoblotting.
Results: Treatment of femoral and talar chondrocytes with menadione, DMNQ or FN-f led to a time
dependent increase in extracellular-regulated kinase (ERK) and p38 phosphorylation. DMNQ and FN-f
stimulation enhanced phosphorylation of JNK and its downstream substrate, c-Jun. Menadione treat-
ment did not stimulate JNK activity but hyperoxidized the peroxiredoxins and inhibited IGF-1-induced
Akt activation. In all experiments, chondrocytes derived from the femur and talar joints displayed
comparable MAP kinase responses after treatment with various catabolic stimuli, as well as similar Akt
signaling responses after IGF-1 treatment.
Conclusions: MAP kinase and Akt signaling in response to factors that modulate the intracellular redox
status were similar in chondrocytes from knee and ankle joints suggesting that redox signaling differ-
ences do not explain differences in OA prevalence. Talar chondrocytes, when isolated from their native
matrix, can be used to examine redox-regulated cell signaling events relevant to OA in either joint.

© 2018 Osteoarthritis Research Society International. Published by Elsevier Ltd. All rights reserved.

Introduction

associated with prior joint injury®. The prevalence of ankle OA is
much lower than that of the knee and is diagnosed in around 1% of

Osteoarthritis (OA) is a major cause of disability worldwide, and
represents a significant individual and socioeconomic burden. The
susceptibility to OA appears to differ amongst joints"?. Whereas the
development of symptomatic knee OA is multifactorial, being
associated with increasing age, obesity, joint injury, genetics and
gender?, the risk factors for symptomatic ankle OA are primarily
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the population®. Symptomatic knee OA is diagnosed in around 9% of
the US population at age 60 years, which rises to approximately 15%
of non-obese individuals by 85 years. In obese individuals, this
number increases to 32%°. The difference in the prevalence of OA
between the knee and ankle has led some investigators to suggest
differences at the level of the chondrocyte may be a contributing
factor®.

An important mechanism contributing to OA development and
progression is an imbalance between anabolic and catabolic
signaling activities that result in enhanced matrix degradation and
cell death®~%, One important family of intracellular signaling pro-
teins pertinent to OA pathogenesis are the MAP kinases. Primarily
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consisting of p38, extracellular-regulated kinase (ERK) and c-Jun
NHy-terminal kinase (or stress activated protein kinase) (JNK),
these kinases are upregulated in OA tissues and are associated with
pro-catabolic signaling that contributes to the production of matrix
degrading enzymes, such as MMP-13, and activation of pro-death
pathways”®. The enhanced catabolic signaling observed in aging
and OA is associated with a decline in anabolic signal transduction®.
Although activation of the IGF-1/Akt pathway stimulates cartilage
matrix synthesis and promotes chondrocyte survival'®!l Akt
signaling is also sensitive to age-associated oxidative stress-
induced inhibition®'" which could significantly alter chondrocyte
and cartilage integrity to promote OA.

In an attempt to explain the differences in OA prevalence in the
knee and ankle joints, several reports have chosen to analyse ma-
trix composition and the biomechanical properties of cartilage and
chondrocytes derived from the femur and talus. Comparative an-
alyses demonstrate that mean cell density'?, as well as proteogly-
can and collagen synthesis rates, are greater in chondrocytes
derived from the talus when compared to the femur'>'3, In
addition, the water content, hydraulic permeability and energy
dissipation have been observed to be lower in talar chondrocytes
compared to femur chondrocytes'®. Femur and talar chondrocytes
have been shown to display comparable reductions in GAG content
and collagen and proteoglycan synthesis rates after stimulation
with the pro-inflammatory cytokine IL-1p in one study'?, while
another study demonstrated enhanced IL-1B-induced proteoglycan
loss and an increased abundance of aggrecanase and matrix met-
alloprotease neoepitopes in femoral cartilage explants when
compared to talar cartilage explants'. The observed biomechanical
and biochemical differences between femur and talar chon-
drocytes, as well the reported differences in cartilage degradation
and assembly in femur and talus cartilage lesions could, in part,
account for differences in OA prevalence in the knee and ankle
joints.

An imbalance in reactive oxygen species (ROS) production and
antioxidant capacity of the cell contributes an increase in oxidative
stress conditions’®. Oxidative stress can disturb anabolic and
catabolic cell signal transduction and contribute to the pathogen-
esis of OA®1M1516 various inducers of ROS can stimulate pro-
catabolic MAP kinase signaling and inhibit IGF-1 induced Akt
signaling resulting in reduced proteoglycan synthesis®!! and
enhance chondrocyte death!® in talar chondrocytes. Although
MMP-13 and MMP-3 release in response to ROS generated by
fragments of fibronectin (FN-f) is comparable between femoral and
talar chondrocytes'”'8, femoral chondrocytes have been found to
be more sensitive to FN-f-induced proteoglycan loss'”'° and display
enhanced NITEGE neoepitope levels, indicative of increased
aggrecan degradative products'®. In cartilage plugs with evidence
of early lesion formation, knee cartilage also appears to display
diminished markers of matrix synthesis and upregulation of
collagen degradation markers when compared to early lesions
evident in ankle cartilage plugs?’.

There is a lack of data comparing the effects of anabolic and
catabolic stimuli to regulate MAP kinase and Akt signaling path-
ways in knee and ankle chondrocytes. For the current study, we
selected various stimuli with which to treat chondrocytes and
assess MAP kinase and IGF-1-mediated Akt signaling in the context
of studying redox signaling. We chose to treat cells with 2-methyl-
1,4-napthoquinone (menadione) based on our recent findings that
menadione, which is a redox cycling oxidant, generates high levels
of H,0, that result in oxidative stress conditions associated with
activation of p38 MAP kinase signaling and inhibition of IGF-1
induced Akt signaling that in turn promotes cell death in talar
chondrocytes'. Chondrocytes were also treated with 2-3-
dimethoxy-1,4-napthoquinone (DMNQ), another redox cycler

which has been shown to generate H,0, and stimulate MAP kinase
signaling®' 2. The effect of treatment with FN-f was also exam-
ined. FN-f have been identified in OA cartilage and synovial fluid
and have been shown to activate cartilage matrix degradation by
stimulation of MAP kinase pathways'®?4~?7 that requires the
presence of ROS'®?%, To examine pro-anabolic cell signaling re-
sponses that are modulated by ROS, we chose to treat cells with
IGF-1 due to our prior findings demonstrating that IGF-1 stimulates
cartilage matrix synthesis and promotes chondrocyte survival
through activation of the Akt signaling pathway in talar chon-
drocytes'?%30 an effect which is inhibited by ROS”".

Methods
Antibodies and reagents

Antibodies to phospho-p38 (Thr180/Tyr182), total-P38, phos-
pho-ERK (Thr202/Tyr204), total-ERK, phospho-JNK (Thr183/
Tyr185), total JNK, phospho-c-Jun (Ser73), total-c-Jun, phospho-Akt
(Ser473), total-Akt, phospho-PRAS40 (Thr246), total PRAS40 and B-
tubulin were purchased from Cell Signaling Technology. Antibodies
to Prx-SOy3 were purchased from Abcam. Menadione, DMNQ, and
N-ethylmaleimide (NEM) were purchased from Sigma Aldrich. IGF-
1 was purchased from Austral Biologicals. For experiments using
FN-f, endotoxin-free human recombinant FN-f (domains 7—10 of
native fibronectin (42kd)) was produced using a plasmid expres-
sion construct (kind gift from Dr. Harold Erickson (Duke University,
Durham, NC)) as described ', Standard lysis buffer was purchased
from Cell Signaling Technologies (#9803) and was comprised of
20 mM Tris—HCl (pH 7.5), 150 mM NacCl, 1 mM NayEDTA, 1 mM
EGTA, 1% Triton, 2.5 mM sodium pyrophosphate, 1 mM f-glycer-
ophosphate, 1 mM Na3VOy, 1 ug/ml leupeptin).

Human primary chondrocyte isolation and culture

Full depth human articular cartilage was obtained from the
tibiofemoral (femur) and talocrural (talus) joints of the same tissue
donors (matched pairs) through collaboration with the Gift of Hope
Organ and Tissue Donor Network (Itasca, IL). Cartilage donors had
no known joint problems or history of arthritis. A modified version
of the 5-point Collins grading system was used to identify macro-
scopic degenerative changes to cartilage surfaces®” and only tissues
graded 0—3 were used in this study (femur range 0—3, talar range
1-3) (Table I). When removing the cartilage from the joint surface,
we avoided areas that exhibited any sign of degenerative change.

Table I
Gender, age distribution, and Collins grade of chondrocytes derived from the femur
and talus of human tissue donors

Gender Age (years) Collins grade: Femur  Collins grade: Talus
Female 68 3 1

Female 77 3 1

Female 66 25 1

Female 71 3 2.5

Female 85 3 1.5

Male 36 0 1

Male 75 3 1.5

Male 76 3 1

Male 61 25 1

Male 77 3 1

Male 82 2 2

Male 76 3 2.5

Male 80 25 1

Male 76 2 1

Range 36—85 yrs 0-3 1-3

Mean + SD  71.85yrs + 12.12  2.53 + 0.81 1.35 + 0.56
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Donor ages ranged from 36 to 85 yrs (av age, 71.85 + 12.12) (5 fe-
male and 9 male donors) (Table I). Chondrocytes were isolated and
cultured as described'®. Experiments were performed on chon-
drocyte monolayers upon 80—90% confluency. Chondrocytes were
incubated in serum-free conditions overnight prior to experimental
incubations. For each individual experiment (biological replicate),
cell signaling responses were compared using chondrocytes iso-
lated from the femur and talus of the same donor. Use of human
tissue was in agreement with both Rush University Medical Center
and the University of North Carolina at Chapel Hill Institutional
Review Boards.

Analysis of chondrocyte intracellular signaling

Chondrocyte monolayers were treated with 25 pM menadione,
25 uM DMNQ, 1 uM FN-f or 50 ng/ml IGF-1 for the indicated times.
For co-treatment experiments with menadione and IGF-1, chon-
drocytes were treated with 25 uM menadione (30 min) prior to IGF-
1 stimulation (30 min). After experimental incubations, chon-
drocyte monolayers were rinsed in ice cold PBS and lysed in stan-
dard lysis buffer under gentle agitation for 30 min (4°C) prior to
centrifugation at 13,000 rpm (10 min) to remove insoluble protein
fractions. Quantification of total protein was determined using the
Pierce Micro BCA kit (Thermo Scientific). Cell lysates (10 pg protein/
sample) were then combined with 10% B-mercaptoethanol and 5X
loading buffer (reducing conditions) and immunoblotted as previ-
ously described®>. Analyses of phospho-proteins were identified
using phospho-specific antibodies. Blots were then stripped and
probed with antibodies to the total protein for loading controls,
with the exception of phospho-c-Jun blots, which were normalized
to B-tubulin. In order to detect hyperoxidized Prxs as a marker of
oxidative stress, cells were treated with menadione for the indi-
cated times, washed twice in PBS and incubated for 10 min prior to
lysis in an alkylating buffer (40 mM HEPES, 50 mM NaCl, 1 mM
EGTA, 200 units/ml catalase, PMSF and phosphatase inhibitor
cocktail 2 (pH7.4)) containing 100 mM NEM. Pre-treatment with
NEM promotes the alkylation of reduced thiols and abolishes arti-
ficial Prx oxidation that may occur as an artefact of cell lysis as
previously described!>>4, lysates were then harvested in standard
lysis buffer containing 100 mM NEM and immunoblotting was
performed under reducing conditions. An antibody to PrxSO;/3 was
used to identify hyperoxidized forms of Prx 1—4 as previously
described'>>#, Blots were stripped and reprobed with antibodies to
B-tubulin as a loading control.

Statistical analysis

Densitometric analysis of immunoblots was carried out in
Image] version 1.48 and data were graphed using GraphPad Prism
version 7.01 (GraphPad Software, Inc.). Exact biological replicates
for each experiment are provided in the figure legends. Results are
presented as mean values normalized to their representative
loading control with 95% confidence intervals (CI). Statistical
analysis was performed using SAS v 9.4 (SAS Institute Inc., Cary, NC,
USA). All tests were performed based on a 0.05 level of significance.
Normal distribution of the data was confirmed using Shapiro—Wilk
tests. Paired t-tests were used to determine mean differences, with
95% Cl's between treated vs untreated samples. To understand
whether differences between treated and control values vary be-
tween talus and femur, we first calculated the differences between
treated and control values from the same sample; then we applied
paired t-tests to compare these differences between joints.
Normality checks were carried out on the differences between
joints, which were approximately normally distributed. Results are
presented as mean differences and 95% CI's.

Results

Femur and talar chondrocytes isolated from the same human donors
display similar levels of ROS-induced PrxSO5/3 formation and MAP
kinase signaling responses

Human chondrocytes isolated from the femur and talus of the
same donors were treated with menadione for the indicated times
to induce oxidative stress as we have previously described'”.
Immunoblotting was performed on cell lysates with an antibody
that specifically detects the hyperoxidized (Prx-SO, and Prx-SOs3)
forms of Prx 1—4, as a marker of oxidative stress. In femur and talus
chondrocyte cultures, treatment with menadione induced a sig-
nificant increase in PrxSOy/3 formation at 30 and 60 min when
compared to untreated control values (Fig. 1(A) and (B),
supplementary Table I). The increased PrxSOo/3 formation over time
was similar between femur and talar chondrocytes and no statis-
tically significant differences were observed at
10 min (mean, —0.46; 95%ClI, (—1.30, 0.39)), 30 min (mean, —0.01;
95%Cl, (—1.07, 1.04)) or 60 min (mean, 0.34; 95%CI, (—0.10, 0.77))
[Fig. 1(A) and (B)]. Next, we assessed the ability of menadione to
stimulate MAP kinase phosphorylation in femur and talar chon-
drocytes. In agreement with our previous findings'>, menadione
treatment led to an increase in both ERK and p38 phosphorylation
over the time course, which was maximal at 60 min (Fig. 1(C), (D),
(E), supplementary Table II). Menadione-induced phosphorylation
of ERK and p38 was comparable between femur and talar chon-
drocytes at all time points studied (Table II). Menadione induced
very weak phosphorylation of JNK and its downstream substrate c-
Jun in both femur and talar chondrocytes (Fig. 1(F) and (G),
supplementary Table III). We have previously identified FN-f as a
strong inducer of the JNK pathway that was inhibited in the pres-
ence of dimedone suggesting oxidation of protein thiols to sulfenic
acids was required'®. No differences between femur and talar
chondrocytes in JNK (mean, 0.30; 95%CI, (-0.11, 0.71)) or c-Jun
(mean, —0.06; 95%ClI, (—0.65, 0.54)) were observed.

ROS-induced inhibition of IGF-1 stimulated Akt activation is similar
between femur and talar chondrocytes isolated from the same
human donors

Having previously identified that menadione-induced oxidative
stress led to inhibition of IGF-1-stimulated Akt signaling in talar
chondrocytes'®, our next aim was to compare this response with
donor matched chondrocytes derived from the femur. Stimulation
of femur and talar chondrocytes with IGF-1 led to a significant in-
crease in Akt phosphorylation and phosphorylation of its down-
stream substrate and marker of activation, PRAS40, when
compared to control (Fig. 2(A)—(C), and supplementary Table IV).
No differences between femur and talar chondrocytes in the ability
of IGF-1 to phosphorylate Akt (mean difference, 0.27; 95%CI, (—0.14,
0.68)) or PRAS 40 (mean difference, 0.32; 95%CI, (—0.22, 0.87)) were
observed. Pretreatment of femur and talar chondrocytes with
menadione, prior to stimulation with IGF-1, significantly inhibited
Akt and PRAS40 phosphorylation [Fig. 2(A)—(C)]. The effect of
menadione to inhibit IGF-1 induced Akt and PRAS40 phosphory-
lation did not differ between femur and talar chondrocytes (Akt
mean difference, 0.00; 95%Cl, (—0.36, 0.36); PRAS40 mean
difference, —0.40; 95%CI, (—1.02, 0.23)).

Treatment of femur and talar chondrocytes with the redox cycling
agent, DMNQ, generates similar MAP kinase signaling responses

To further examine the role of MAP kinase stimulation in
response to redox-regulated catabolic stimulation, we treated cells
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Fig. 1. Effect of menadione on Prx hyperoxidation and MAP kinase signaling in human femur and talar chondrocytes. Confluent human articular chondrocytes isolated from the
femur and tali of the same donor were treated for 0—60 min with menadione (25 uM). (A) Representative immunoblots from n = 7 independent donors showing PrxSOz3 formation
in response to menadione treatment. (B) Densitometric analysis from PrxSO,/3 immunoblots from n = 7 independent donors. PrxSO,/3 bands were normalized to B-tubulin and data
is presented as mean values + 95% confidence Intervals (CI). No significant differences between femoral and talar chondrocytes were observed at any time point. (C) Chondrocytes
were treated for 0—60 min with menadione (25 pM) and harvested lysates were subjected to immunoblotting with antibodies to phosphorylated p38 or ERK. Representative
immunoblots from n = 9 independent donors (D-E) Densitometric analysis showing menadione-induced phosphorylation of p38 and ERK. Phosphorylated bands were normalized
to total protein as loading controls and presented as mean values + 95% CI. No significant differences between femoral and talar chondrocytes were observed at any time point. (F)
Cell lysates were also immunoblotted and probed with antibodies for JNK and c-Jun. Chondrocytes were treated with FN-f (1 uM) for 60 min for comparison. Representative
immunoblots from n = 8 independent donors. Arrow on c-Jun blots indicates an electrophoretic shift of the c-Jun monomer, which is indicative of serine and threonine phos-
phorylation (maximal phosphorylation). (G) Densitometric analysis comparing the effects of menadione and FN-f to phosphorylate JNK and c-Jun at 60 min. Data are presented as
mean values + 95% CI comparing menadione treated cells to FN-f treated cells at 60 min. Significant increases in FN-f-induced phosphorylation of JNK and c-Jun were observed
when compared to menadione treatment in both the femur and talus. No significant differences between femoral and talar chondrocytes were observed at any time point. Mean
differences, 95% CI and P-values comparing the effects of menadione to hyperoxidize the Prxs and phosphorylate MAP kinases in femur and talus chondrocytes over time can be
found in supplementary Table I-III.

with DMNQ, which, similarly to menadione is a redox cycling agent. epithelial cells?!. We therefore hypothesized that DMNQ treatment
Although DMNQ is less electrophilic than menadione and appears would lead to phosphorylation of the MAP kinases in chondrocytes.
to cause less cell death after short term exposure, DMNQ has been Treatment of femur and talar chondrocytes with 25 uM DMNQ led
shown to increase ROS levels®? and activate MAP kinase signaling in to a significant increase in ERK phosphorylation, which peaked at
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Table II
Effect of menadione on p38 and ERK MAP kinase phosphorylation in femur
compared to talar chondrocytes

Time (min) Talus vs Femur pERK Talus vs Femur p-P38
Time point Statistical test

Paired t-test Paired t-test
5 min 0.06 (—0.31,042) P =0.72 —0.08 (—0.25,0.09) P = 0.31
10 min 0.16 (—0.42, 0.74) P = 0.54 0.12 (-0.10, 0.33) P = 0.24
15 min 0.04 (-0.30,0.38) P = 0.78 0.03 (-0.09, 0.16) P = 0.55
30 min —0.09 (-0.41, 0.22) P = 0.51 0.13 (—0.14, 0.40) P = 0.29
60 min —0.16 (-0.56, 0.25) P = 0.40 0.11 (-0.21, 0.42) P = 0.46

Data presented shows mean differences, 95% CI (in parentheses) and P-values for t-
tests between differences in femur and differences in talus at the corresponding
time point.

60 min in both femur and talar chondrocytes (Fig. 3(A) and (B), and
supplementary Table V). DMNQ treatment led to significant phos-
phorylation of p38 within 5 min, an effect which was sustained
over the 60 min time course (Fig. 3(A), (C), and supplementary
Table V). DMNQ stimulated strong phosphorylation of JNK and c-
Jun at 60 min (Fig. 3(C) and (D), supplementary Table V). Responses
in femur and talar chondrocytes were comparable for all the MAP
kinases (Table III) with the exception of p38 at 60 min (mean, 0.26;
95%Cl, 0.10, 0.42).

FN-f treatment stimulates similar MAP kinase signaling responses in
femur and talar chondrocytes isolated from the same human donors

Previous data suggests that chondrocytes derived from human
femur and talar cartilage display similar levels of MMP-13'® and
MMP-3 release into cell culture media as well as comparable pro-
teoglycan degradation rates'” in response to stimulation with FN-f.
As a result, we decided to compare the effect of FN-f-induced MAP
kinase phosphorylation in femur and talar chondrocyte cultures.
FN-f stimulation led to a significant increase in ERK and p38
phosphorylation within 60 min and 30 min respectively
(Fig. 4(A)—(C), and supplementary Table VI). FN-f -induced phos-
phorylation of ERK and p38 were comparable between femur and
talar chondrocytes at all-time points (Fig. 4(A)—(C), Table 1V).
Treatment with FN-f caused a significant increase in JNK phos-
phorylation at 60 min in both talar and femur chondrocytes in
accordance with phosphorylation of its downstream substrate and
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marker of activity, c-Jun (supplementary Table VI). The responses
were similar in talar and femur (Fig. 4(A), (D), (E), Table IV).

Discussion

To the best of our knowledge, this is the first study to investigate
cell signal transduction in femur and talar chondrocytes. We chose
to specifically focus on MAP kinase and Akt signaling responses due
to cumulative evidence demonstrating that disturbances in these
signaling pathways can lead to chondrocyte dysfunction which may
contribute to OA development and progression. Our previous
findings demonstrate that these cell signaling pathways are at least
in part, regulated by the redox status of the cell”. Our major finding
here is that isolated femur and ankle chondrocytes display very
similar catabolic and anabolic signaling responses after stimulation
with compounds that have been shown to alter intracellular ROS
levels. These findings suggest that differences in the prevalence of
knee and ankle OA cannot be attributed to differences in these
redox sensitive pathways. Activation of MAP kinase signaling or
inhibition of Akt signaling, therefore, may contribute to OA devel-
opment and progression in either joint.

An imbalance between anabolic and catabolic cell signaling
activities contributes to cartilage degradation and enhances OA
development and progression’>>, but there remains a severe lack of
data examining the cell signaling events that may lead to
compromised cartilage homeostasis and matrix degradation in fe-
mur and talar chondrocytes. Our studies were conducted in using
isolated human chondrocytes rather than explants in order to
remove the effects of the extracellular matrix and study differences
at the level of the cell. It is possible that cells within talar and femur
explants could have responded differently from isolated cells.
However, analysis of time-sensitive cell signaling events including
protein phosphorylation and oxidation cannot be reliably measured
in cartilage explants due to the need for rapid cell lysis and
extraction of signaling proteins after experimental treatments.
Also, the high variation in cell number from explant to explant can
potentially confound interpretation and analysis of such chon-
drocyte signaling events.

Although increased ROS levels can lead to indiscriminate
cellular damage, recent evidence suggests that ROS accumulation
can disturb physiological and homeostatic cell signal transduction
to compromise cellular integrity. We have previously demonstrated
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Fig. 2. Effect of menadione on IGF-1 signaling in human femur and talar chondrocytes. Confluent human articular chondrocytes isolated from the femur and talus of the same donor
were treated for 30 min with IGF-1 (50 ng/ml) or pre-treated with menadione (25 pM) for 30 min prior to IGF-1 treatment (30 min). (A) Representative immunoblots from n = 6
independent donors showing the phosphorylation of Akt and its downstream marker of activation, PRAS40. (B-C) Densitometric analysis showing phosphorylation of Akt and
pPRAS40. Phosphorylated bands were normalized to total protein as loading controls and presented as mean values + 95% CI (n = 6).
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analysis showing phosphorylation of p38, ERK, JNK and c-Jun. Phosphorylation of proteins were normalized to total protein as a loading control with the exception of c-Jun which
was normalized to B-tubulin and presented as mean values + 95% CI (n = 8). Mean differences, 95% CI and P-values comparing the effects of DMNQ to phosphorylate MAP kinase
phosphorylation in femur and talus chondrocytes over time can be found in supplementary Table V.

Table III

Effect of DMNQ on MAP kinase phosphorylation between femur and talar chondrocytes

Talus vs Femur p-P38

Talus vs Femur p-JNK

Talus vs Femur p-c-Jun

Paired t-test

Paired t-test

Paired t-test

Time (min) Talus vs Femur pERK
Time point Statistical test

Paired t-test
5 min —0.03 (-0.34, 0.29) P = 0.85
10 min —0.31(-0.86,0.23) P = 0.22
15 min —0.06 (—0.32, 0.44) P = 0.71
30 min 0.29 (-0.01, 0.58) P = 0.06
60 min 0.34 (-0.32,0.99) P = 0.26

0.03 (-0.12,0.19) P = 0.64
0.06 (—0.24, 0.36) P = 0.65
0.03 (-0.09, 0.15) P = 0.55
0.12 (—0.04, 0.28) P = 0.12
0.26 (0.10, 0.42) P=0.01

—0.04 (~0.15, 0.06) P = 0.36
~0.03 (~0.10, 0.04) P = 035
0.00 (~0.11, 0.11) P = 0.93
0.10 (~0.19, 0.38) P = 0.45
044 (~0.32,121) P= 021

0.02 (~0.23, 0.28) P = 0.85

~0.18 (~0.63, 0.27) P = 0.37
—0.06 (~0.23,0.11) P = 0.45
~0.29 (~0.82, 0.23) P = 0.23
~0.25 (~0.96, 0.46) P = 0.44

Data presented shows mean differences, 95% CI (in parentheses) and P-values for t-tests between differences in femur and differences in talus at the corresponding time point.

that treatment of chondrocytes with compounds that generate
intracellular ROS can activate MAP kinase signaling pathways and
inhibit anabolic signaling in talar chondrocytes®'>. We chose to
further these findings and examine the role of MAP kinase and IGF-
1 signaling in response to various ROS-generating stimuli in femur
chondrocytes, and compare these responses to those observed in
donor matched talar chondrocytes, to assess if alterations in redox
sensitive signaling pathways could explain the differences in knee
and ankle OA prevalence.

In the present study, we did not find evidence of biologically
significant differences in catabolic and anabolic cell signaling re-
sponses between femur and talar chondrocytes after treatment
with compounds that have been shown to alter the intracellular
redox status, or with the growth factor IGF-1. We first tested the
effect of menadione treatment to hyperoxidize the peroxiredoxin
(Prx) family of antioxidant enzymes in both femur and talar
chondrocytes. Our data demonstrates that menadione treatment
led to an increase in global Prx hyperoxidation, which is in accor-
dance with our previous findings in talar chondrocytes’ and
demonstrates its ability to generate high levels of oxidative stress.

Prx hyperoxidation leads to inhibition of Prx peroxidase activity,
which is hypothesised to contribute to increased H,0,-mediated
cell signaling events>®*’. Recent data from our lab demonstrates
that Prx hyperoxidation is associated with increased MAP kinase
signaling and chondrocyte cell death'”. In agreement with these
findings, the current study shows that menadione-induced chon-
drocyte Prx hyperoxidation correlated with an increase in p38 and
ERK phosphorylation in both femur and talar chondrocytes.
Conversely however, menadione failed to activate the JNK pathway.

Similarly to menadione, DMNQ is a redox cycling agent that has
been shown to generate intracellular ROS levels, including H,0,%2,
capable of depleting glutathione and forming mixed disulfides in
rat hepatocytes®® and activating MAP kinase signaling in various
cell types??33°, We report for the first time, the effect of DMNQ to
activate MAP kinase signaling pathways in human chondrocytes.
Treatment with DMNQ led to strong phosphorylation of p38, ERK,
JNK and cJun and these responses were overall comparable be-
tween femur and talar chondrocytes. The finding that DMNQ led to
strong activation of JNK whereas menadione failed to do so, sug-
gests that the MAP kinases can be differentially regulated by ROS-
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Fig. 4. Effect of FN-f on MAP kinase signaling in human femur and talar chondrocytes. Confluent human articular chondrocytes isolated from the femur and talar of the same donor
were treated for 0—60 min with FN-f (1 uM). (A) Representative immunoblots from n = 7 independent donors showing MAP kinase phosphorylation. Arrow on c-Jun blots indicates
electrophoretic shift of the c-Jun monomer, which is indicative of complete serine and threonine phosphorylation (maximal phosphorylation). (B-E) Densitometric analysis showing
phosphorylation of p38, ERK, JNK and c-Jun. Phosphorylated bands were normalized to total protein as loading controls and presented as mean values with 95% CI. (n = 7). No
significant differences between femoral and talar chondrocytes were observed at any time point. Mean differences, 95% CI and P-values comparing the effects of FN-f to phos-
phorylate MAP kinase phosphorylation in femur and talus chondrocytes over time can be found in supplementary Table VI.

Table IV

Effect of FN-f on MAP kinase phosphorylation in femur compared to talar chondrocytes

Talus vs Femur p-JNK

Talus vs Femur p-c-Jun

Paired t-test

Paired t-test

Time (min) Talus vs Femur pERK Talus vs Femur p-P38
Time point Statistical test

Paired t-test Paired t-test
5 min —0.10 (-0.25, 0.05) P = 0.16 —0.04 (-0.09, 0.02) P = 0.15
10 min —0.08 (-0.39,0.22) P = 0.52 0.00 (-0.12,0.13) P = 0.94
15 min —0.06 (—-0.44,0.33) P = 0.72 —0.07 (-0.24,0.11) P = 0.41
30 min —0.04 (-0.51,0.43) P = 0.83 0.15(-0.12,0.41) P = 0.22
60 min 0.36 (—0.06, 0.78) P = 0.08 0.18 (0.03, 0.33) P=0.03

0.01 (~0.03, 0.05) P = 0.50
~0.03 (—0.07, 0.01) P = 0.11
~0.03 (~0.07,0.01) P = 0.13
0.05 (~0.28, 0.37) P = 0.75
0.31 (~0.33,0.95) P = 0.28

~0.12 (—0.31,0.08) P = 0.19
~0.07 (~0.36, 0.22) P = 0.58
~0.10(-0.32,0.12) P = 0.31
—0.42 (—0.86, 0.03) P = 0.06
~0.39 (—0.81, 0.04) P = 0.07

Data presented shows mean differences, 95% CI (in parentheses) and P-values for t-tests between differences in femur and differences in talus at the corresponding time point.

inducing stimuli. The mechanisms behind this differential activa-
tion were beyond the scope of the current study but may be worthy
of future investigation. The only instance where we observed sta-
tistical significance between chondrocytes isolated from the femur
and talus was when we analysed phosphorylation of p38 and ERK
at later time points after stimulation with DMNQ. We observed
marginally lower phosphorylation of ERK at 30 min in talar chon-
drocytes when compared with those from the femur (P = 0.02)
whereas we observed marginally lower p38 phosphorylation in
chondrocytes isolated from the femur when compared to talus at
60 min (P = 0.01). The biological significance of these findings at
only two time points, although statistically different, may be
negligible, especially in light of the vast amount of data presented
herein that demonstrates the cell signaling responses in femur and
talar chondrocytes are comparable, including p38 and ERK phos-
phorylation in response to menadione and FN-f.

Our findings with FN-f stimulation mirror those observed with
DMNQ whereby p38, ERK, JNK and c-Jun where all highly phos-
phorylated over the time course studied and no differences be-
tween femur and talus where observed. These findings are in

agreement with prior data that demonstrates similar levels of FN-f-
induced MMP-13 and MMP-3 release in chondrocytes'”'® but
disagree with the work of others which report that femur cartilage
explants are more sensitive to FN-f induced proteoglycan loss and
aggrecan cleavage when compared to talar cartilage explants'®.
This leads us to conclude that any differences observed in response
to FN-f in the femur and talus chondrocytes are not due to differ-
ences in FN-f induced signaling. Phosphorylation of specific MAP
kinase isoforms can significantly alter downstream signaling events
and cell fate. Although this study did not specifically evaluate each
MAP kinase isoform individually, when examining the differences
between p44ERK1 and p42ERK2, p46]JNK1 and p54JNK2, as well as
the hyperoxidation of Prx1, 2, and 3, we did not observe any obvious
differences between femur and talus.

The growth factor IGF-1 has been shown to activate pro-
anabolic cell signaling pathways but older chondrocytes that
display enhanced levels of oxidative stress'>“° have a reduced
response to IGF-1'"!>, Here, we show that femur and talar chon-
drocytes display comparable Akt activation, as measured by phos-
phorylation of Akt and its downstream substrate PRAS40, in
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response to IGF-1 treatment. Pre-treatment with menadione, prior
to IGF-1 stimulation led to significant inhibition of Akt activity, an
effect which was comparable between both femur and talar
chondrocytes. As a result, we suggest that ROS-induced inhibition
of pro-anabolic signaling may be a contributing factor leading to
chondrocyte dysfunction in both knee and ankle OA.

In summary, our data demonstrate that human, donor matched,
femur and talar chondrocytes display comparable MAP kinase and
Akt signaling responses after stimulation with various ROS gener-
ating stimuli or the growth factor IGF-1. As a result, we conclude
that the differences in the prevalence of human knee and ankle OA
cannot be attributed to differences in these redox sensitive path-
ways and redox-regulated alterations in cell signal transduction
may contribute to OA pathogenesis in both joints. Strategies which
aim to alter the redox status of the cell, or that target restoration of
homeostatic signaling, may be of therapeutic benefit in knee and
ankle OA. Additionally, due to the degenerative changes that occur
in aging human knee cartilage, our findings suggest that the use of
cartilage derived from the talus may represent an alternative
source of normal chondrocytes for which to investigate cell
signaling changes in the context of OA relevant to both the knee and
the ankle.
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