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A B S T R A C T

The peroxiredoxin (Prx) family of Cys-dependent peroxidases control intracellular levels of H2O2 and can reg-
ulate signal transduction. Inhibition of the Prxs, through hyperoxidation amongst other mechanisms, leads to
oxidative stress conditions that can alter homeostatic signaling. To determine the effects oxidation of Prx1-Prx3
has on MAP kinase and IGF-1 signaling events in human chondrocytes, this study used 2-methyl-1,4-naphtho-
quinone (menadione) and 2,3-dimethyl-1,4-naphthoquinone (DMNQ) as H2O2-generating tools due to their
differential mechanisms of action. Menadione and DMNQ generated similar levels of intracellular H2O2 as de-
termined using the biosensor Orp1-roGFP and by measuring Prx redox status. However, menadione generated
higher levels of mitochondrial H2O2 associated with Prx3 hyperoxidation and phosphorylation of Prx1 while
DMNQ treatment was associated with hyperoxidation of cytosolic Prx1 and Prx2 but not mitochondrial Prx3.
Both menadione and DMNQ induced sustained phosphorylation of p38 but only DMNQ activated JNK.
Menadione but not DMNQ inhibited IGF-1-induced Akt phosphorylation. Chondrocytes transduced with an
adenoviral vector to overexpress Prx3 displayed decreased PrxSO2/3 formation in response to menadione which
was associated with restoration of IGF-1-mediated Akt signaling and inhibition of p38 phosphorylation. Prx1 and
Prx2 overexpression had no effects on Prx redox status but Prx1 overexpression enhanced basal Akt phos-
phorylation. These results suggest that hyperoxidation of specific Prx isoforms is associated with distinct cell
signaling events and identify Prx3 redox status as an important regulator of anabolic and catabolic signal
transduction. Targeted strategies to prevent mitochondrial Prx3 hyperoxidation could be useful in maintaining
cellular redox balance and homeostatic signaling.

1. Introduction

Through its controlled release, H2O2 acts as a key second messenger
in specific signaling pathways that are important for cellular home-
ostasis. The balance between reactive oxygen species (ROS) production
and subsequent elimination via intracellular antioxidant defence sys-
tems is crucial in maintaining redox balance [1]. If overproduced or
over-accumulated, ROS, such as H2O2, can cause cellular dysfunction

by inflicting non-discriminatory damage to lipids, proteins, and DNA or
through disturbing physiological cell signaling events [2–4]. Although
our understanding of how ROS regulate cell signaling is far from
complete, post-translational oxidative modifications on reactive protein
cysteines is now viewed as an important mechanism capable of reg-
ulating intracellular signal transduction [2,5].

The peroxiredoxins (Prxs) are a family of cysteine-dependent per-
oxidases that react rapidly with H2O2. As a result, these are considered
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to be the major antioxidant enzymes that contribute to cellular redox
state [6–8]. To catalytically breakdown H2O2, the sulfhydryl group of
the Prx peroxidatic cysteine undergoes oxidation to form sulfenic acid
(Prx-SOH), a process termed sulfenylation. For typical 2-Cys Prxs, the
peroxidatic cysteine can condense with a Prx resolving cysteine to form
an inter-subunit disulfide. The disulfide bond can be reduced back by
the thioredoxin reductase system to complete the Prx catalytic cycle,
restoring the Prx back to its catalytically active state [4,8]. Under in-
creasing levels of H2O2, instead of disulfide formation, Prxs can react
with additional molecules of H2O2 and become hyperoxidized to form
sulfinic (Prx-SO2H) and sulfonic acid (Prx-SO3H), resulting in loss of
peroxidase activity. Hyperoxidized Prxs, at least when sulfinylated but
not sulfonylated, can be generally repaired back to their active, reduced
form by sulfiredoxin, but this is a slow process which also requires ATP
[9].

As a result of their cellular abundance and the high reactivity of the
peroxidatic cysteine with H2O2, Prxs are considered both sensors and
preferential targets of H2O2, but their roles extend beyond that of an
antioxidant enzyme [8,10]. Inhibition of Prx peroxidase activity by
hyperoxidation is no longer just viewed as a deleterious endpoint in
response to high levels of ROS. In fact, it may be a conserved me-
chanism to protect thioredoxin levels under conditions of oxidative
stress [11], promote Prx chaperone activity [11], and/or regulate H2O2-
induced cell signal transduction [7]. Phosphorylation of Prx1 on
Tyr194 has also been shown to inhibit Prx activity which, when com-
pared to hyperoxidation, may represent a more transient and reversible
posttranslational modification that can regulate local H2O2-mediated
cell signaling [12]. Alternatively, Prxs can participate in thiol-disulfide
exchange, whereby a sulfenylated Prx transfers its oxidizing equivalent
to a nearby redox sensitive protein, forming a redox relay for signal
transduction, as has been shown for Prx2 and the transcription factor
STAT3 [13]. Collectively, these lines of evidence suggest that altera-
tions in Prx redox status are an important intermediary step in H2O2-
mediated signal transduction [8,10] but there is a paucity of data de-
tailing the role of Prx redox status and associated cell signaling in
human primary cells.

Importantly, different cellular compartments contain different ROS
generating machinery, and in turn, express different antioxidant en-
zymes in order to respond to changes in ROS production. In humans,
four typical 2 Cys-Prxs (Prx1-Prx4), one atypical 2 Cys-Prx (Prx5) and a
1 Cys-Prx (Prx6) are involved in redox signaling and each Prx isoform
displays specific subcellular compartmentalization. Prx1, Prx2 and Prx6
are predominantly located in the cytosol, Prx3 is located in the mi-
tochondria, Prx4 is located in the endoplasmic reticulum and Prx5 has
been observed in the cytosol, mitochondria and in peroxisomes [14]. It
has been demonstrated that Prx isoforms display different suscept-
ibilities to hyperoxidation [15–17]. Mitochondrial Prx3 has been shown
to display an increased resistance to hyperoxidation when compared to
cytosolic Prx1 and Prx2 [15–17], which could suggest that differential
Prx hyperoxidation is a mechanism to regulate H2O2 levels within
distinct cellular compartments in order to regulate specific cell sig-
naling events.

While conducting experiments treating human chondrocytes with
two different redox cycling, H2O2-generating compounds, menadione
and DMNQ, we noted differential hyperoxidation of Prx1-Prx3 specific
to each compound. We used this observation to test the hypothesis that
hyperoxidation of different Prx isoforms, residing in different cellular
compartments, would lead to different effects on redox-regulated cell
signaling events. Menadione and DMNQ were therefore used as H2O2-
generating tools in order to investigate the role of Prx hyperoxidation
on selected anabolic and catabolic signaling pathways. These studies
were conducted in primary cultures of human articular chondrocytes as
a relevant cell type due to work showing that oxidative stress disrupts
cell signaling in chondrocytes resulting in reduced anabolic and in-
creased catabolic activity as well as increased cell death [18].

2. Materials and methods

2.1. Antibodies and reagents

Antibodies purchased from Cell Signaling Technology were to
phospho-IGF receptor (Tyr1135), total-IGF receptor, phospho-Akt
(Ser473), total-Akt, phospho-PRAS40 (Thr246), total PRAS40,
phospho-p38 (Thr180/Tyr182), total-p38, phospho-ERK (Thr202/
Tyr204), total-ERK, phospho-JNK (Thr183/Tyr185), total JNK,
phospho c-Jun (ser73), total c-Jun, phospho-Prx1 (Tyr194), total-Prx1
and β-tubulin. Antibodies purchased from Abcam were to PrxSO2/3,
Prx2, Prx3 and β-actin. The Orp1-roGFP cellular hydrogen peroxide
sensor (Premo™) was purchased from Life Technologies. Menadione,
DMNQ, N-ethylmaleimide (NEM) and catalase were purchased from
Sigma Aldrich.

2.1.1. Human primary chondrocyte isolation and culture
Normal articular cartilage was obtained from the talus of human

tissue donors provided by the Gift of Hope Organ and Tissue Donor
Network (Itasca, IL) through collaboration with Rush University
Medical Center (Chicago, IL). Prior to dissection, cartilage was macro-
scopically inspected for gross evidence of damage and only normal
appearing cartilage was used. The ages of tissue donors ranged from 38
to 71 years (mean age± SD, 58.7 ± 9.5 years). Chondrocytes were
isolated and cultured in monolayer as previously described [19].

2.2. Adenoviral transduction

Human chondrocytes were transduced with adenoviral constructs
encoding Prx1 (ad-Prx1), Prx2 (ad-Prx2) or Prx3 (ad-Prx3) (Vector
Biolabs). On achievement of 60% confluency, chondrocyte monolayers
were incubated for 2 h at 37 °C in serum-free media containing the
adenoviral construct (4× 108 viral particles/mL) and CaCl2 (25 µL/mL
media, 1M). Adenoviral containing media was removed, monolayers
were rinsed three times with 10% serum containing media and mono-
layers were cultured in 10% serum containing media for 48 h.
Chondrocytes cultures were incubated overnight in serum-free media
prior to experimental treatments. Non-specific effects of viral trans-
duction were tested by transducing chondrocytes with a null empty
vector control adenovirus (ad-Null) (Cell Biolabs).

2.3. Quantification of intracellular H2O2 production

We have previously demonstrated the effects of menadione to
generate intracellular H2O2 in human chondrocytes [18]. DMNQ has
also been shown to induce cellular ROS in various tissues and cells
through a similar mechanism [20]. Intracellular H2O2 generation was
quantified using the hydrogen peroxide sensor, Orp1-roGFP. Human
chondrocyte cell culture, baculovirus transduction, live cell image ac-
quisition and analysis were performed as previously described [18].
Images were collected every 10 s for 1min prior to experimental
treatments to obtain basal H2O2 levels. Menadione (25 µM) or DMNQ
(25 µM) were then added to chondrocyte cultures and cells were im-
aged every 10 s for a total of 2min [18]. Analysis of images was con-
ducted in ImageJ using the FIJI plugin, and the sensitized FRET method
[21] as previously described [18].

2.4. Quantification of mitochondrial H2O2 production

Mitochondrial H2O2 generation was quantified using the adeno-
mito-Orp1-roGFP redox biosensor, which was a kind gift from Dr. Brian
O’Rourke, The Johns Hopkins University, Baltimore, MD, USA. Human
chondrocytes were cultured in 35mm imaging dishes (World Precision
Instruments) for 5 days in Dulbecco's Modified Eagles Media (DMEM)/
F12 supplemented with 10% ascorbic acid phosphate. To allow for
chondrocyte adhesion, imaging dishes were plasma etched (Harrick
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Plasma) for 3mins then immediately coated with 1 µg/mL of human
type VI collagen (Rockland) for 2 h at 37 °C and washed with PBS prior
to cell seeding. Chondrocytes were transduced with the adenovirus
expressing mito-Orp1-roGFP (4×108 viral particles/mL) for 48 h. Cells
were serum starved for 2 h prior to imaging and imaged using oblique
single plane illumination microscopy (oSPIM; Applied Scientific
Instrumentation). Light sheets were generated at an oblique angle using
a 100× 1.49 NA oil total internal reflection fluorescence (TIRF) ob-
jective. Fluorescence emission was collected using a 60×1.00 NA
water dipping objective from the top perpendicular to the illumination
sheet. Cells were alternately excited at 405 and 488 nm, and emission
was collected at 513 nm. Chondrocytes were imaged for 1min before
the addition of 25 µM menadione, 25 µM DMNQ, or DMSO vehicle
control. Images were taken every 10 s for a total of 2min and analysed
using FIJI Image J 1.51 t [22] using techniques based on the sensitized
FRET method as previously reported [18]. Briefly, individual cells were
segmented using standard thresholding techniques and H2O2 levels
were determined ratiometrically on a pixel-by-pixel basis using the
following equation at each time point:

=I ex
ex

405
488

where I corresponds to H2O2 levels, and 405 ex and 488 ex correspond
to the observed intensity of each respective image channel.

2.5. Analysis of Prx redox status

Cells were cultured overnight in serum-free conditions and then
treated with 25 μM menadione or 25 μM DMNQ. Reduced, oxidized and
hyperoxidized forms of Prxs were analysed as previously described
[18,23]. Briefly, cultured cells were treated with menadione or DMNQ
for the indicated times, washed in 1X PBS and incubated in an NEM-
containing alkylating buffer (40mM HEPES, 50mM NaCl, 1 mM EGTA,
200 units/mL catalase, 100mM NEM, PMSF and phosphatase inhibitor
cocktail 2 (pH7.4)) for 10min prior to lysis in order to alkylate reduced
thiols and block artificial oxidation that may arise due to lysis. NEM
alkylating buffer was discarded and cells were lysed at 4 °C under gentle
agitation for 30min in a standard lysis buffer containing 200 units/mL
catalase and 100mM NEM, PMSF and phosphatase inhibitor cocktail 2
(pH 7.4). To remove the insoluble protein fraction, cell lysates were
centrifuged at 13,000 rpm for 10min. Soluble protein concentrations
were quantified using the Pierce Micro BCA kit (Thermo Scientific).
Protein lysates were boiled and immunoblotted under reducing or non-
reducing conditions (in the presence or absence of 10% β-mercap-
toethanol) as described [24]. For identification of global Prx hyperox-
idation, cell lysates were immunoblotted under reducing conditions and
probed with an antibody that reacts with Prx1-Prx4 when in the Prx-
SO2/3 state [18]. β-actin or β-tubulin were used as loading controls.

2.6. Analysis of chondrocyte intracellular signaling

Overnight incubation of chondrocytes in serum-free containing
media preceded experimental treatments. Chondrocytes were treated
with 25 µM menadione, 25 µM DMNQ, 50 ng/mL IGF-1 or pretreated
with menadione or DMNQ for 30min prior to stimulation with IGF-1
for the indicated time points. All cell signaling immunoblots were
performed under reducing conditions using phospho-specific anti-
bodies, with antibodies to total protein serving as loading controls, with
the exception of phospho c-Jun, which was normalized to β-actin. The
effects of menadione and DMNQ on cell viability were measured using
the LIVE/DEAD cell assay kit (Molecular Probes) [25].

2.7. Statistical analysis

All densitometric analysis of immunoblots was performed using
ImageJ software. Data analysis was conducted in GraphPad Prism

version 7. All data are presented as mean values± SEM. In all cases,
independent experiments were performed using cells cultured from
different tissues donors. Exact biological replicates (from independent
donors) are indicated in figure legends. Results were analysed by t-test
when comparing two groups or one or two-way ANOVA for comparison
of more than two groups. Post-hoc corrections were applied as appro-
priate and a p-value of< 0.05 was deemed significant.

2.8. Study approval

Use of human tissue was in accordance with the Institutional
Review Board at the University of North Carolina at Chapel Hill and
Rush University Medical Center.

3. Results

3.1. Menadione and DMNQ generate similar levels of cytosolic H2O2, but
originating from different cellular compartments

As measured by the Orp1-roGFP based H2O2 biosensor, treatment of
articular chondrocytes with menadione or DMNQ led to comparable
levels of intracellular H2O2 generation within 20 s (Fig. 1A, B). To as-
sess mitochondrial levels of H2O2 generated in response to menadione
and DMNQ, H2O2 levels were measured using a mitochondrially tar-
geted H2O2 redox biosensor (Mito-Orp1-roGFP). Treatment with me-
nadione led to an increase in mitochondrial H2O2 generation compared
to controls. Treatment with DMNQ generated relatively lower levels of
mitochondrial H2O2 when compared to menadione-induced H2O2

generation (Fig. 1C, D). These data taken together suggest that mena-
dione generates H2O2, at least partially, in the mitochondria whereas
DMNQ generates H2O2 primarily extra-mitochondrially.

3.2. Menadione and DMNQ induce differential Prx hyperoxidation in
chondrocytes

To assess the ability of menadione and DMNQ-generated H2O2 to
hyperoxidize the Prxs and induce intracellular oxidative stress in
human chondrocytes, immunoblotting was performed using an anti-
body that specifically detects the hyperoxidized (PrxSO2/3) forms of
Prx1-Prx4. We have previously identified the precise molecular weights
of hyperoxidized Prx1-Prx3 in chondrocytes when we immunoblotted
under reducing conditions with the antibody to PrxSO2/3 while Prx4
was more difficult to identify [18] and so we have focused the current
work on Prx1-Prx3. Both menadione and DMNQ led to a time-depen-
dent increase in hyperoxidation of Prx1-Prx3 compared to untreated
controls (Fig. 2). No difference in total Prx hyperoxidation was ob-
served between the two treatments over the time course studied
(Fig. 2A,B), a finding that is consistent with the Orp1-roGFP data.

To further analyze the oxidation of specific Prxs, human chon-
drocytes were treated with either menadione or DMNQ and Prx iso-
forms were analysed by immunoblotting under non-reducing condi-
tions. This confirmed our previously published data [18] where we
demonstrated Prx2 as both an oxidized dimer migrating at 44 kDa and a
reduced monomeric form that migrated at 21 kDa. Within 5min of
menadione or DMNQ treatment, the reduced monomeric form of Prx2
disappeared in a way that was proportional to the appearance of the
dimer, thus indicating Prx2 oxidation (Fig. 2C). The intensity of the
oxidized dimer band decreased over the 60min time course, accom-
panied by the appearance of the band corresponding to the hyperox-
idized, monomeric form (Fig. 2C). No significant differences in Prx2
hyperoxidized monomer formation were observed between menadione
and DMNQ (Fig. 2C, F).

As we have previously reported [18], under non-reducing condi-
tions, Prx3 was present in the monomeric form at approximately 24 kDa
and the oxidized, dimeric form was present at approximately 38 kDa
(Fig. 2D). Similar to Prx2, menadione and DMNQ treatment led to
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increased formation of the oxidized, disulfide form of Prx3 within
5min. However, menadione treatment caused hyperoxidation of Prx3
at 30 and 60min (Fig. 2D) but DMNQ treatment, in contrast, did not
cause Prx3 hyperoxidation. Indeed, a significant difference was ob-
served for hyperoxidized Prx3 monomer formation between menadione
and DMNQ treatments at 60min (Fig. 2F).

We next examined the effect of menadione and DMNQ on the redox
status of Prx1. Monomeric Prx1 was observed at approximately 22 kDa
and oxidized, dimeric Prx1 was observed at 38 kDa (Fig. 2E). Under
unstimulated conditions, Prx1 was observed primarily in the mono-
meric form with low levels of oxidized dimer. Treatment with mena-
dione and DMNQ led to oxidation and high levels of Prx1 dimer for-
mation within 5min (Fig. 2E). Treatment with menadione did not cause
hyperoxidation of Prx1, as evidenced by maintenance of the oxidized
dimer and the absence of hyperoxidized monomer formation at 60min.
DMNQ treatment, however, led to a time-dependent decrease in oxi-
dized dimer formation between 5 and 60min and a consistently ob-
served increase in the hyperoxidized monomer at 60min indicating
DMNQ-induced Prx1 hyperoxidation (Fig. 2E). DMNQ treatment

induced significantly higher levels of Prx1 hyperoxidation than mena-
dione treatment (Fig. 2F). In order to explore Prx1 regulation further,
chondrocyte lysates were immunoblotted with an antibody to phos-
phorylated Prx1 (Tyr194), a phosphorylation site that has been pre-
viously reported to inhibit Prx1 peroxidase activity [12]. Treatment
with menadione, but not DMNQ, led to a time-dependent increase in
Prx1 phosphorylation, which was maximal at 60min (Fig. 2G).

These findings altogether led to the conclusion that mainly through
their preferential generation of H2O2 in different cellular compart-
ments, menadione and DMNQ differentially regulate Prx1-Prx3 hyper-
oxidation as well as phosphorylation of Prx1, providing for an oppor-
tunity to determine the effects on cell signaling when different Prxs are
inhibited under conditions of elevated H2O2.

3.3. Differential Prx oxidation in response to menadione and DMNQ is
associated with distinctly different effects on IGF-1 and MAP kinase
signaling pathways

In order to examine the role of Prx hyperoxidation on downstream

Fig. 1. H2O2 generation in human articular chondrocytes treated with menadione and DMNQ. The H2O2 redox sensor Orp1-roGFP bacolovirus was transduced into
human articular chondrocytes. Cultures were treated with 25 µM menadione, 25 µM DMNQ, or a DMSO control. (A) Images from one representative cell for control,
menadione and DMNQ treated conditions are shown in heat map format (scale bar, 5 µM). (B) Quantified data is presented as mean±SEM showing the relative mean
405:488 ratio from 10 individual cells taken from 3 independent donors. Asterisks represent significant differences comparing menadione and DMNQ treated
chondrocytes to DMSO control (**** p < 0.0001) (ANOVA). To assess mitochondrial H2O2 generation, chondrocytes were transduced with mito-Orp1-roGFP and
treated with menadione (25 µM), DMNQ (25 µM), or a DMSO control. (C) Images from one representative cell for control, menadione and DMNQ treated conditions
are shown in heat map format (scale bar, 5 µM). (D) Representative data from 2 independent donors (analysing 3 independent cells per donor). Presented data is
relative mean 405:488 ratios from 3 individual cells taken from 1 donor.
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signaling events, we chose to assess activation of specific cell signaling
pathways pertinent to anabolic and catabolic processes within the ar-
ticular joint that are implicated in the joint disease osteoarthritis (OA).
We focused on redox regulation of the chondroprotective and pro-
anabolic insulin-like growth factor-1 (IGF-1) signaling pathway that we
have shown is inhibited under conditions of oxidative stress [18,26].
For comparison, we examined the pro-catabolic p38, extracellular-
signal regulated kinase (ERK) and c-Jun N-terminal kinase (JNK)
pathways that are largely implicated in chondrocyte cell death and/or
cartilage extracellular matrix degradation [18,27–30]. Primary human
chondrocytes were treated with menadione, DMNQ, or IGF-1 for
60min, or pre-treated with menadione or DMNQ for 30min prior to
addition of IGF-1 for 60min, and phosphorylation of proteins pertinent
to the IGF-1 and MAP kinase signaling pathways were determined.
Treatment of human chondrocytes with IGF-1 stimulated phosphor-
ylation of the IGF-1 receptor and the downstream kinase Akt (Fig. 3A,
B, C). Phosphorylation of proline rich Akt substrate 40 (PRAS40) was
analysed as a marker of Akt kinase activity and was significantly

increased with IGF-1 treatment (Fig. 3A, D). IGF-1 treatment did not
lead to increased phosphorylation of p38, ERK, JNK, or c-Jun (Fig. 3A-
H). Under conditions shown above where we observed Prx hyperox-
idation in response to menadione or DMNQ, we did not detect sig-
nificant phosphorylation of the IGF-1 receptor, Akt or PRAS40. How-
ever, menadione significantly increased levels of phosphorylated p38
(Fig. 3A-E) but not ERK (Fig. 3A, F). Prx hyperoxidation in response to
menadione was associated with weak JNK phosphorylation but not
with increased phosphorylation of the JNK downstream substrate and
marker of activity, c-Jun (Fig. 3A, G, H). Similar to menadione, DMNQ
also increased levels of phosphorylated p38, but not ERK. However, in
contrast to menadione, DMNQ-induced Prx1 and Prx2 hyperoxidation
was associated with high levels of JNK phosphorylation. This correlated
with strong phosphorylation of all serine and threonine sites of c-Jun as
indicated by an electrophoretic shift of the c-Jun monomer (Fig. 3A, G,
H).

Previous studies from our group [18,29] have demonstrated that
oxidative stress inhibits IGF-1-induced phosphorylation of pro-survival

Fig. 2. Prx1, Prx2 and Prx3 redox status in human articular chondrocytes in response to menadione and DMNQ-induced oxidative stress. Confluent human articular
chondrocytes were cultured in serum-free media overnight and treated for the indicated times with 25 µM menadione or 25 µM DMNQ. After experimental exposures,
cell monolayers were incubated for 10min in an alkylating buffer containing 100mM NEM in order to alkylate reduced thiols. Cell lysates were then prepared in lysis
buffer containing 100mM NEM. (A) Hyperoxidized Prxs were identified by reducing immunoblots using an antibody to PrxSO2/3. (B) Results of densitometric
analysis from PrxSO2/3 immunoblots. Data are mean±SEM and expressed as relative intensity compared to untreated controls from n=4 independent experiments.
Asterisks represent significant differences compared to control (* p < 0.05, *** p < 0.001, ****p < 0.0001) (ANOVA). (C-E) Under non–reducing conditions,
immunoblots for total Prx1, Prx2 and Prx3 allowed for identification of Prx reduced monomers (labelled RM on blots) and hyperoxidized monomers (labelled HM on
blots). Prx1-Prx3 presented with an oxidized dimer (labelled D on blots) (C, D, E). (F) Densitometric comparative analysis of Prx1, Prx2 and Prx3 hyperoxidized
monomers observed at 60min treatment with menadione or DMNQ. Asterisks represent significant differences between menadione and DMNQ treatments
(*** p < 0.001, **** p < 0.0001) (ANOVA) from a minimum of n= 3 independent experiments. (G) Menadione and DMNQ-induced phosphorylation of Prx1 was
identified by non-reducing immunoblots using an antibody to phospho-Prx1 (Tyr194). Total Prx1 was used as a loading control. (H) Results of densitometric analysis
from phospho-Prx1 immunoblots. Data are mean± SEM normalized to total-Prx1 and expressed as relative intensity compared to untreated controls. Asterisks
represent significant differences compared to control (**** p < 0.0001). # represent significant differences between menadione and DMNQ at that time point (# # #

#p < 0.0001) (ANOVA).
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Akt signaling in chondrocytes. To compare the effect of menadione and
DMNQ on IGF signaling, we pre-treated human chondrocytes with these
compounds for 30min to induce oxidative stress and then treated with
IGF-1 for the indicated times (0–60min) (Fig. 4). The Prx hyperoxida-
tion in response to pre-treatment with menadione or DMNQ noted
above had no effect on the ability of IGF-1 to stimulate IGF-receptor

phosphorylation over 30min while at 60min, menadione slightly in-
creased IGF-1 receptor phosphorylation (Fig. 4A, B). Consistent with
our previous report [18], Prx hyperoxidation induced by menadione
was associated with significant inhibition of IGF-1 stimulated Akt
phosphorylation, which in turn, also decreased phosphorylation of its
downstream substrate and marker of activation, PRAS40 (Fig. 4A,C,D).

Fig. 3. Effect of menadione and DMNQ-induced oxidative stress to phosphorylate proteins pertinent to IGF-1 and MAP kinase signaling cascades. Confluent human
articular chondrocytes were treated with IGF-1 (50 ng/mL), menadione (25 μM), or DMNQ (25 μM) for 60min. Cell lysates were prepared and immunoblotting was
performed under reducing conditions with antibodies to phosphorylated IGF-receptor, Akt, PRAS40, p38, ERK, JNK and c-Jun. Respective total antibodies were used
to assess loading controls. (A) Representative immunoblots from 3 independent experiments (n= 3). (B-H) Results of densitometric analysis showing phosphor-
ylation of IGF-receptor, Akt, PRAS40, p38, ERK, JNK and c-Jun. Phospho-proteins are normalized to respective total protein. For c-Jun, β-actin was used to assess
loading control. Arrow on c-Jun blots indicates electrophoretic shift of the c-Jun monomer which is indicative of serine and threonine phosphorylation (maximal
phosphorylation). Asterisks represent significant differences compared to untreated controls (* p < 0.05, *** p < 0.001).

J.A. Collins et al. Free Radical Biology and Medicine 134 (2019) 139–152

144



In contrast, DMNQ-induced Prx hyperoxidation had no effect on Akt or
PRAS40 phosphorylation in the presence of IGF-1. As shown in Fig. 3,
treatment with menadione led to phosphorylation of p38, whereas
DMNQ treatment led to phosphorylation of p38, JNK and c-Jun. The
addition of IGF-1 did not alter this pattern (Fig. 4A, E–H).

3.4. Prx hyperoxidation in response to menadione and DMNQ is associated
with cell death in human chondrocytes

As menadione and DMNQ exerted differential effects on Prx hy-
peroxidation and on pro-survival and pro-catabolic signal transduction,
we aimed to test the effects on chondrocyte cell viability. Prx hyper-
oxidation in response to menadione was associated with reduced cell
viability to 73.2 ± 5.2% by 3 h and led to complete cell death within
6 h (Fig. 4I). In contrast, when compared to control, DMNQ-induced Prx

Fig. 4. Effect of menadione and DMNQ to differentially regulate IGF-1 signaling. Human articular chondrocytes were treated with IGF-1 (50 ng/mL) alone or pre-
treated with menadione (25 μM) or DMNQ (25 μM) for 30min prior to IGF-1 treatment for the indicated times. Cell lysates were prepared and immunoblotted under
reducing conditions with antibodies to phosphorylated IGF-receptor, Akt, PRAS40, p38, ERK, JNK and c-Jun. Respective total antibodies were used to assess loading
controls. (A) Representative immunoblots from 3 independent experiments (n= 3). (B-H) Results of densitometric analysis showing phosphorylation of IGF-receptor,
Akt, PRAS40, p38, ERK, JNK and c-Jun. Phospho-proteins were normalized to respective total protein. For c-Jun, β-actin was used to assess loading control. Arrow on
c-Jun blots indicates electrophoretic shift of the c-Jun monomer which is indicative of serine and threonine phosphorylation (maximal phosphorylation). Asterisks
represent significant differences compared to IGF-1 at that time point * p < 0.05, * * p < 0.01, * ** p < 0.001, * ** * p < 0.0001 (ANOVA). (I) Chondrocytes were
treated with menadione or DMNQ for 18 h and percentage cell viability was quantified (mean± SEM) and compared to untreated control values (n=3). Asterisks
represent significant differences compared to controls values (**p < 0.01, ****p < 0.0001) (ANOVA). # represent significant differences between menadione and
DMNQ at that time point (# #p < 0.01, # # # #p < 0.0001) (ANOVA).
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hyperoxidation did not significantly alter cell viability over 6 h, but
reduced cell viability to 53 ± 10.2% at 9 h with complete cell death
observed at 18 h. Significant differences between menadione and
DMNQ treatments were observed at 3, 6 and 9 h respectively (Fig. 4I).

3.5. Overexpression of Prx3 but not Prx1 or Prx2 decreases Prx
hyperoxidation

In order to assess if adenoviral overexpression of specific Prxs could
alter oxidative stress-induced Prx hyperoxidation, chondrocytes were
transduced with adenoviral vectors encoding cytosolic Prx1 (ad-Prx1)
or Prx2 (ad-Prx2), or mitochondrial Prx3 (ad-Prx3). Immunoblots for
Prx1-Prx3 in cells overexpressing the Prxs were compared to null empty
vector controls (ad-Null) to confirm Prx protein overexpression

(Fig. 5A). Cells were then treated with menadione or DMNQ for
0–60min and immunoblotting for PrxSO2/3 to detect Prx hyperoxida-
tion levels was performed. As expected, in chondrocytes transduced
with the null empty vector control, treatment with menadione and
DMNQ led to a time-dependent increase in PrxSO2/3 formation
(Fig. 5B–G). No significant differences in total PrxSO2/3 formation were
observed with either menadione or DMNQ treatment when chon-
drocytes were transduced with adenoviral vectors encoding Prx1 or
Prx2, compared to null empty vector control (Fig. 5B–G). However,
when cells were transduced with ad-Prx2 and treated with menadione
or DMNQ, we observed preferential hyperoxidation of Prx2, as evi-
denced by a marked increase in band intensity corresponding to
Prx2SO2/3, and a slight decrease in bands corresponding to Prx1SO2/3

and Prx3SO2/3 (Fig. 5D, F). Importantly, overexpression of

Fig. 5. Effect of adenoviral overexpression of Prx1, Prx2 and Prx3 on Prx hyperoxidation levels. Human articular chondrocytes were transduced with adenoviral
vectors encoding Prx1, Prx2, Prx3 or a null empty vector control and treated with menadione (25 μM) or DMNQ (25 μM) for the indicated times. (A) Lysates from
unstimulated chondrocytes transduced with Prx1–3 adenovirus or null empty control were immunoblotted with antibodies to Prx1-Prx3 or β-tubulin as a protein
loading control. (B) Effect of Prx1 overexpression on menadione and DMNQ-induced PrxSO2/3 formation. Representative immunoblots from 7 independent ex-
periments (n= 7) with menadione treatment and 4 independent experiments (n= 4) with DMNQ treatment. (C) Results of densitometric analysis from PrxSO2/3

immunoblots showing the effect of adenoviral overexpression of Prx1 on menadione and DMNQ-induced PrxSO2/3 formation. (D) Effect of adenoviral overexpression
of Prx2 and Prx3 on menadione-induced PrxSO2/3 formation. Representative immunoblots from 6 independent experiments (n= 6). (E) Results of densitometric
analysis from PrxSO2/3 immunoblots showing the effect of adenoviral overexpression of Prx2 and Prx3 on menadione induced PrxSO2/3 formation. (F) Effect of
adenoviral overexpression of Prx2 and Prx3 on DMNQ-induced PrxSO2/3 formation. Representative immunoblots from 4 independent experiments (n=4). (G)
Results of densitometric analysis from PrxSO2/3 immunoblots showing the effect of adenoviral overexpression of Prx2 and Prx3 on DMNQ induced PrxSO2/3

formation. All data are mean±SEM normalized to untreated adenoviral control values. Asterisks represent significant differences compared to controls values
* p < 0.05, * * p < 0.01, * ** p < 0.001, * ** * p < 0.0001) (ANOVA). # represent significant differences between Prx overexpressing vector and null empty vector
at that time point (# p < 0.05) (ANOVA).
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mitochondrial Prx3 significantly decreased menadione-induced
PrxSO2/3 formation when compared to null empty vector controls at 30
and 60min (Fig. 5D,E) but had no significant effect on DMNQ-induced
PrxSO2/3 formation (Fig. 5F,G). This would be consistent with mena-
dione initially generating H2O2 in the mitochondria where Prx3 is

located while DMNQ generates H2O2 primarily in the cytosol.

Fig. 6. Effect of adenoviral overexpression of Prx1 on IGF-1 and MAP kinase signaling with and without menadione and DMNQ. Chondrocytes were transduced with
adenoviral vectors encoding Prx1 or a null empty vector control and were treated with IGF-1 alone (50 ng/mL), menadione (25 μM), DMNQ (25 μM) or pre-treated
with menadione (25 μM) or DMNQ (25 μM) for 30min prior to IGF-1 treatment for 60min. Cell lysates were immunoblotted with antibodies to the indicated proteins
pertinent to IGF-1 and MAP kinase signaling cascades. (A) Representative immunoblots from 3 independent experiments (n=3) showing the effect of Prx1 over-
expression on menadione-induced phosphorylation of Akt, PRAS40, p38, and ERK. (B-E) Results of densitometric analysis showing the effect of Prx1 overexpression
on phosphorylation of Akt, PRAS40, p38, and ERK in response to menadione treatment. (F) Representative immunoblots from 4 independent experiments (n= 4)
showing the effect of Prx1 overexpression on DMNQ-induced phosphorylation of JNK, c-Jun, p38, and ERK. (G-J) Results of densitometric analysis showing the effect
of Prx1 overexpression on phosphorylation of JNK, c-Jun, p38, and ERK in response to DMNQ treatment. Phospho-proteins are normalized to respective total protein.
For c-Jun, β-actin was used as a loading control. Arrow on c-Jun blots indicates electrophoretic shift of the c-Jun monomer which is indicative of serine and threonine
phosphorylation (maximal phosphorylation). Data are mean± SEM expressed as relative intensity compared to ad-Prx1 control Asterisks represent significant
differences compared to control (* p < 0.05, ** p < 0.01, **** p < 0.0001). # represent significant differences between highlighted conditions (# p < 0.05, # #
p < 0.01) (ANOVA).
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3.6. Overexpression of Prx3 but not Prx1 or Prx2 attenuates menadione-
induced Akt inhibition and p38 phosphorylation

In order to determine if attenuation of Prx hyperoxidation by Prx
overexpression could alter MAP kinase signaling or restore signaling
responses to IGF-1, we transduced human chondrocytes with adenoviral
vectors encoding Prx1, Prx2, Prx3 or a null empty vector control and
analysed phosphorylation levels of proteins pertinent to IGF-1 and MAP
kinase signaling pathways. Interestingly, overexpression of Prx1 led to
enhanced basal Akt and PRAS40 phosphorylation levels that were sig-
nificantly higher than basal levels in cells transduced with the null
empty vector control (Fig. 6A–C). However, overexpression of Prx1 had
no effect on menadione-induced MAP kinase or IGF-1 cell signaling
events when compared to control treated cells (Fig. 6A–E). Similar to
the findings with menadione, Prx1 overexpression also had no effect on
DMNQ-induced MAP kinase or IGF-1 cell signaling events when com-
pared to null empty vector treated cells (Fig. 6F–J). Despite a consistent
and unexpected trend towards increased DMNQ-induced MAP kinase
signaling when cells were transduced with the Prx1 adenoviral vector,
significant differences between Prx1 overexpressing cells and null
vector treated cells were not observed (Fig. 6F–J).

Unlike Prx1, overexpression of Prx2 did not significantly alter basal
Akt or PRAS40 phosphorylation (Fig. 7A–C). Similar to Prx1, Prx2
overexpression did not alter any phosphorylation events induced by
menadione (Fig. 7A-E). Although overexpression of Prx2 trended to-
wards decreasing DMNQ-induced JNK and c-Jun phosphorylation, this
effect was not significant at any time point when compared to null
vector treated cells (Fig. 7F–H). Prx2 overexpression did not alter
phosphorylation of p38 but partially decreased ERK phosphorylation in
the presence of IGF-1 when compared to the null control (Fig. 7F, I, J).

Importantly, overexpression of Prx3 abrogated menadione-induced
inhibition of IGF-1-stimulated Akt and PRAS40 phosphorylation
(Fig. 8A-C). Overexpression of Prx3 also significantly reduced phos-
phorylation of p38 and reduced ERK phosphorylation in the presence of
IGF-1 when compared to empty vector control conditions (Fig. 8A, D,
E). The effects of overexpression of Prx3 to modify DMNQ mediated cell
signaling events were also tested. Prx3 overexpression had no effects on
DMNQ mediated cell signaling (Fig. 8F–J), an effect which is consistent
with our data indicating that DMNQ primarily induces cytosolic H2O2.

4. Discussion

Recent advances in redox biology implicate Prx oxidation as a key
mechanism for regulating intracellular H2O2 levels and subsequent
downstream cell signaling events. As such, this study chose to explore
the effects of H2O2-induced Prx1-Prx3 oxidation, as well as Prx1
phosphorylation, on selected downstream cell signaling events using
human articular chondrocytes as a cell model system. We found that
menadione and DMNQ could be used as H2O2-producing tools that
resulted in differential hyperoxidation profiles of Prx1-Prx3 as well as
phosphorylation of Prx1 that were associated with changes in specific
redox-regulated signaling pathways. Menadione induced hyperoxida-
tion of Prx2 and Prx3 but not Prx1, consistent with our previous find-
ings [18], but also induced phosphorylation of Prx1 at Tyr194 that, like
hyperoxidation, would be expected to inhibit Prx1 activity [12]. In
contrast, DMNQ induced hyperoxidation of Prx1 and Prx2. Although
DMNQ led to oxidation of Prx3, we found no evidence that DMNQ
treatment led to Prx3 hyperoxidation. Because Prx3 is located in the
mitochondria, these findings suggested menadione generated higher
levels of mitochondrial H2O2 than DMNQ, which was supported by the
findings using the mitochondrial-targeted Orp-1-roGFP. The mena-
dione-induced hyperoxidation of Prx2 and Prx3 and phosphorylation of
Prx1 was associated with increased phosphorylation of p38 and in-
hibition of IGF-1-induced Akt activity while DMNQ-induced hyperox-
idation of Prx1 and Prx2 was associated with phosphorylation of p38
and JNK activation without inhibition of IGF-1 stimulated Akt activity.

These findings suggested that Prx3 hyperoxidation in the presence of
menadione was responsible for the loss of Akt activity in response to
IGF-1. This was supported by the finding that overexpression of Prx3,
but not Prx1 or Prx2, inhibited menadione-induced Prx3 hyperoxida-
tion and restored the Akt response to IGF-1.

Unlike the inhibitory effects on IGF-1 activation of Akt, both me-
nadione and DMNQ stimulated phosphorylation of p38. However, si-
milar to the Akt studies, overexpression of mitochondrial Prx3 that was
sufficient to reduce Prx1-Prx3 hyperoxidation, but not overexpression
of Prx1 or Prx2, was able to block the ability of menadione but not
DMNQ to stimulate p38 phosphorylation. This suggests that mi-
tochondrial H2O2 was the source for phosphorylation of p38 in response
to menadione. The finding that hyperoxidation of Prx3 is associated
with enhanced p38 phosphorylation agrees with the work of Kil et al.
[31] who demonstrated that peritoneal injection of adrenocorticotropic
hormone leads to increased mitochondrial H2O2 generation and sub-
sequent Prx3 hyperoxidation and p38 activation in the adrenal glands
of mice. The ability of overexpression of mitochondrial Prx3 to inhibit
hyperoxidation of the cytosolic Prx1 and Prx2 in chondrocytes is con-
sistent with studies demonstrating that knockdown of Prx3 decreases
scavenging of H2O2 in both mitochondrial and cytosolic compartments
in cardiac myoblasts [32].

Although both menadione and DMNQ induced p38 phosphoryla-
tion, only DMNQ induced significant JNK phosphorylation that was
associated with phosphorylation of the JNK substrate c-Jun, indicating
that the phosphorylated JNK was also active. This was important to
determine since we have recently shown that when the JNK isoform
JNK2 is oxidized, its kinase activity is decreased independent of its
phosphorylation status [33]. In that study, like the current study, we
found menadione stimulated p38 but not JNK phosphorylation and in
addition discovered menadione inhibited JNK phosphorylation (but not
p38 phosphorylation) stimulated by fibronectin fragments that signal
through the α5β1 integrin. Compared to menadione, fibronectin frag-
ments generate very low levels of H2O2 and so we had hypothesized
that the high levels of H2O2 generated by menadione were inhibiting
JNK [18]. However, in the present study DMNQ did not inhibit JNK
activation despite generating similar levels of cytosolic H2O2 as me-
nadione suggesting that perhaps mitochondrial H2O2 and Prx3 in-
activation induced by menadione were responsible for JNK inhibition.
The differential menadione and DMNQ activation of p38 and JNK, both
of which are activated by upstream, redox sensitive ASK1 phosphor-
ylation [34], demonstrates that these signaling cascades can be in-
dependently regulated in response to specific levels and types of oxi-
dative stimuli, suggestive of a high degree of specificity for a finely
tuned redox response.

We hypothesized that targeting the Prxs, in order to reduce oxida-
tive stress levels, may restore homeostatic cell signaling events in
chondrocytes through maintenance of redox balance and abrogation of
oxidative stress-induced catabolic cell signaling. To this end, we tested
the effect of overexpression of Prx1, 2, and 3 to alter menadione and
DMNQ-induced MAP kinase and Akt signaling events. Recent data
suggest that overexpression of Prx1 decreases IL-1β-induced ROS pro-
duction and apoptosis in OA chondrocytes [35] and can supress JNK
activity in lung cancer cells [36]. These findings are in contrast with
those in the present study, in which we did not observe an effect of Prx1
overexpression on oxidative stress-induced Prx hyperoxidation or
downstream MAP kinase signaling events. We did, however, observe an
increase in basal levels of Akt activity in cells overexpressing Prx1,
which indicates that Prx1 may promote pro-anabolic cell signaling
events at least to some extent, in chondrocytes. Similar to the findings
for Prx1, overexpression of Prx2 did not alter DMNQ or menadione-
induced MAP kinase signaling and had no effect on Akt signaling. No-
tably, when assessing Prx hyperoxidation using the antibody to PrxSO2/

3 we consistently observed that Prx2, when overexpressed, was pre-
ferentially hyperoxidized by both menadione and DMNQ. This is likely
due to the enhanced sensitivity of Prx2 to hyperoxidation [16,17].
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Preferential hyperoxidation of overexpressed Prx2 would inhibit its
function and therefore not contribute to attenuating catabolic signaling
induced by oxidative stress levels of H2O2.

Unlike Prx2, Prx3, which is more resistant to hyperoxidation than
cytosolic Prxs [15–17], was not hyperoxidized when overexpressed and

thus, was able to contribute to redox homeostasis and subsequent
regulation of cytosolic cell signaling pathways. The importance of
maintaining Prx3 activity has been highlighted by the work of Noh and
colleagues [37] who demonstrated that in response to oxidative stress,
overexpression of mitochondrial sulfiredoxin enhanced Prx3

Fig. 7. Effect of adenoviral overexpression of Prx2 on IGF-1 and MAP kinase signaling with and without menadione and DMNQ. Chondrocytes were transduced with
an adenoviral vector encoding Prx2 or a null empty vector control and were treated with IGF-1 alone (50 ng/mL), menadione (25 μM), DMNQ (25 μM) or pre-treated
with menadione (25 μM) or DMNQ (25 μM) for 30min prior to IGF-1 treatment for 60min. Cell lysates were immunoblotted with antibodies to proteins pertinent to
IGF-1 and MAP kinase signaling cascades. (A) Representative immunoblots from 3 independent experiments (n= 3) showing the effect of Prx2 overexpression on
menadione-induced phosphorylation of Akt, PRAS40, p38, and ERK. (B-E) Results of densitometric analysis showing the effect of Prx2 overexpression on phos-
phorylation of Akt, PRAS40, p38, and ERK in response to menadione treatment. (F) Representative immunoblots from 5 independent experiments (n= 5) showing
the effect of Prx2 overexpression on DMNQ-induced phosphorylation of JNK, c-Jun, p38, and ERK. Arrow on c-Jun blots indicates electrophoretic shift of the c-Jun
monomer which is indicative of serine and threonine phosphorylation (maximal phosphorylation). (G-J) Results of densitometric analysis showing the effect of Prx2
overexpression on phosphorylation of JNK, c-Jun, p38, and ERK in response to DMNQ treatment. Phospho-proteins are normalized to respective total protein. For c-
Jun, β-actin was used as a loading control. Data are mean±SEM expressed as relative intensity compared to ad-Prx2 control. Asterisks represent significant
differences compared to control (* p < 0.05, ** p < 0.01, *** p < 0.001). # represent significant differences between highlighted conditions (# # # p < 0.001, #
# # # p < 0.0001) (ANOVA).
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regeneration from the hyperoxidized, inactive form, to the reduced,
catalytically active form. This increased Prx3 regeneration was asso-
ciated with decreased apoptosis and preservation of mitochondrial
membrane potentials [37].

The current study utilized chondrocytes isolated from human

articular cartilage in order to investigate the role of oxidative stress in
OA which is characterized by excessive cartilage destruction. Aging
represents a key OA risk factor and the aging OA joint presents with
enhanced levels of oxidative stress markers and mitochondrial dys-
function [18,38–41]. Although the specific mechanisms linking

Fig. 8. Effect of adenoviral overexpression of Prx3 on IGF-1 and MAP kinase signaling with and without menadione and DMNQ. Chondrocytes were transduced with
an adenoviral vector encoding Prx3 or a null empty vector control and were treated with IGF-1 alone (50 ng/mL), menadione (25 μM), DMNQ (25 μM) or pre-treated
with menadione (25 μM) or DMNQ (25 μM) for 30min prior to IGF-1 treatment for 60min. Cell lysates were immunoblotted with antibodies to proteins pertinent to
IGF-1 and MAP kinase signaling cascades. (A) Representative immunoblots from 4 independent experiments (n= 4) showing the effect of Prx3 overexpression on
menadione-induced phosphorylation of Akt, PRAS40, p38, and ERK. (B-E) Results of densitometric analysis showing the effect of Prx3 overexpression on phos-
phorylation of Akt, PRAS40, p38, and ERK in response to menadione treatment. (F) Representative immunoblots from 3 independent experiments (n= 3) showing
the effect of Prx3 overexpression on DMNQ-induced phosphorylation of JNK, c-Jun, p38, and ERK. (G-J) Results of densitometric analysis showing the effect of Prx2
overexpression on phosphorylation of JNK, c-Jun, p38, and ERK in response to DMNQ treatment. Phospho-proteins are normalized to respective total protein. For c-
Jun, β-actin was used as a loading control. Arrow on c-Jun blots indicates electrophoretic shift of the c-Jun monomer which is indicative of serine and threonine
phosphorylation (maximal phosphorylation). Data are mean± SEM expressed as relative intensity compared to ad-Prx3 control. Asterisks represent significant
differences compared to control (* p < 0.05, ** p < 0.01, *** p < 0.001). # represent significant differences between highlighted conditions (# p < 0.05, # #
p < 0.01, # # # p < 0.001) (ANOVA).
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oxidative stress to OA are yet to be fully elucidated, recent data suggest
that an age-related increase in oxidative stress contributes to OA de-
velopment and progression by disturbing chondrocyte anabolic and
catabolic signaling events to promote cartilage matrix degradation and
induce cell death [18,26,27,29,30]. Mitochondrial dysfunction is re-
garded as a ‘hallmark of aging’ [42]. As the mitochondria are a key
source of ROS, an age-related decline in mitochondrial function has
been proposed to cause increases in oxidative stress-induced cellular
damage, ultimately promoting age-related pathogenesis [5]. As such,
targeting the mitochondria to restore redox balance has the potential to
be beneficial in OA. Data from the present study are in accordance with
our previous work which reported that catalase targeted to the mi-
tochondria (MCAT) attenuates menadione-induced Prx3 hyperoxida-
tion and activation of p38 to maintain chondrocyte cell viability [18].
Transgenic MCAT mice were also protected from age-related OA when
compared to wild type control mice. This effect was attributed to re-
duced oxidative stress levels, as measured by a reduction in Prx hy-
peroxidation, and reduced p38 signaling [18].

In chondrocytes, Prx1 appears to be regulated by both phosphor-
ylation and hyperoxidation in a manner that is stimulus dependent.
Prxs, when hyperoxidized, can be regenerated and returned to the Prx
catalytic cycle by the enzyme sulfiredoxin but this is a slow process
which also requires ATP [9]. It is conceivable, therefore, that phos-
phorylation of Prx1, which can be potentially reversed by phosphatases,
could constitute a mechanism whereby Prx1 can be more transiently
inhibited relative to the inhibition that occurs with hyperoxidation. It
was interesting that menadione, but not DMNQ, induced Prx1 phos-
phorylation while DMNQ, but not menadione, induced Prx1 hyperox-
idation. We do not have a ready explanation for this difference but it is
possible that either Prx1 hyperoxidation inhibits phosphorylation or
vice-versa, phosphorylation may inhibit Prx1 hyperoxidation (which
would in fact be expected given inhibited Prx1 catalytic turnover).

In conclusion, the findings from the current study suggest that tar-
geted therapeutic approaches aimed at maintaining mitochondrial Prx3
activity may represent a novel strategy to restore homeostatic cell sig-
naling events in chondrocytes under conditions of mitochondrial-
mediated oxidative stress. This may be particularly useful in age-related
diseases of the joint such as OA where enhanced mitochondrial dys-
function and oxidative stress are proposed to disturb normal cell sig-
naling events to promote cellular and matrix damage [43].
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