
The role of mitochondrial reactive oxygen species in cartilage
matrix destruction

Kendra N. Reed • Glenn Wilson • Albert Pearsall •

Valentina I. Grishko

Received: 22 May 2014 / Accepted: 8 August 2014 / Published online: 17 August 2014

� Springer Science+Business Media New York 2014

Abstract Upregulation of matrix metalloproteinases

(MMPs) is a hallmark of osteoarthritis progression; along

with the role reactive oxygen species (ROS) may play in

this process. Moreover, mitochondrial DNA damage and

dysfunction are also present in osteoarthritic chondrocytes.

However, there are no studies published investigating the

direct relationship between mitochondrial ROS, mito-

chondrial DNA damage, and MMP expression. Therefore,

the purpose of the present study was to evaluate whether

mitochondrial DNA damage and mitochondrial-originated

oxidative stress modulates matrix destruction through the

upregulation of MMP protein levels. MitoSox red was

utilized to observe mitochondrial ROS production while a

Quantitative Southern blot technique was conducted to

analyze mitochondrial DNA damage. Additionally, Wes-

tern blot analysis was used to determine MMP protein

levels. The results of the present study show that menadi-

one augmented mitochondrial-generated ROS and

increased mitochondrial DNA damage. This increase in

mitochondrial-generated ROS led to an increase in MMP

levels. When a mitochondrial ROS scavenger was added,

there was a subsequent reduction in MMP levels. These

studies reveal that mitochondrial integrity is essential for

maintaining the cartilage matrix by altering MMP levels.

This provides new and important insights into the role of

mitochondria in chondrocyte function and its potential

importance in therapeutic approaches.
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Background

In a variety of tissues, oxidative stress disrupts mitochon-

drial respiration, and mitochondrial damage has been found

to promote aging, cell death, and functional failure and

degeneration. One common theme in osteoarthritis (OA) is

oxidative stress and mitochondrial dysfunction [1]. Reac-

tive oxygen species (ROS) have been shown to increase in

OA [2]. Despite the progress made in recent years to

evaluate the role of ROS and oxidative stress in OA pro-

gression, our understanding of the redox state of cartilage

in pathologic circumstances remains incomplete. Addi-

tionally, because articular cartilage chondrocytes must

survive and maintain tissue integrity in an avascular and

hypoxic environment which requires adaptively increased

anaerobic glycolysis to support adenosine triphosphate

(ATP) synthesis, a mitochondrial-mediated pathogenesis

for OA has not been studied extensively until the past two

decades.

Evidence for the involvement of ROS in cartilage matrix

degradation comes from animal models showing that

ROS scavengers or ROS production inhibitors slowdown

K. N. Reed � G. Wilson (&)

Department of Cell Biology and Neuroscience, University of

South Alabama, 307 University Boulevard N., MSB 1201,

Mobile, AL 36688-0002, USA

e-mail: gwilson@southalabama.edu

A. Pearsall

Department of Orthopaedic Surgery, University of South

Alabama, 3421 Medical Park Dr., Mobile, AL 36693, USA

V. I. Grishko

Department of Cell Biology and Neuroscience and Department

of Orthopaedic Surgery, University of South Alabama,

307 University Boulevard N., MSB 1201, Mobile,

AL 36688-0002, USA

123

Mol Cell Biochem (2014) 397:195–201

DOI 10.1007/s11010-014-2187-z



cartilage loss [3]. Other studies have not only shown oxi-

dative damage in OA cartilage, but also that chondrocyte

production of ROS is required for the enhanced production

of cartilage-degrading enzymes, the matrix metallopro-

teinases (MMPs) [4–7]. Activator protein 1 (AP-1) and E26

transformation-specific (Ets) family transcription factors

are important in regulating MMP family members and are

sensitive to regulation by redox conditions [8]. Taken

together, MMPs can degrade all components of the extra-

cellular matrix [9]. These data provide evidence that oxi-

dative stress plays a regulatory role in the expression of

MMPs in cartilage.

The major sites of ROS generation include the mito-

chondria, non-mitochondrial membrane-bound NADPH

oxidase, and xanthine oxidase [10]. Of these, the most

likely source is mitochondria: it is estimated that 2–3 %

of the total O2 consumed by functional mitochondrial

electron transport chains is incompletely reduced to the

superoxide anion, rather than to water [11, 12]. Histori-

cally, cartilage was thought to reside in hypoxic condi-

tions, hence a role for mitochondria in the pathogenesis

of OA was not considered. However, oxygen does dif-

fuse into articular cartilage, and articular chondrocytes

possess mitochondria and respire in vitro. Mitochondrial

oxidative phosphorylation (OXPHOS) may account for

up to 25 % of the ATP produced in cartilage [13].

Although detailed information about mitochondria in

human cartilage and chondrocytes is lacking, a number

of investigations support the idea that mitochondria may

be involved in the degeneration of cartilage and devel-

opment of OA [14, 15]. Therefore, a possible target that

is hypothesized to play a major role in the progression of

OA is the mitochondrion.

ROS-induced mitochondrial DNA (mtDNA) damage

and mutations lead to the synthesis of functionally

impaired respiratory chain subunits, causing further respi-

ratory chain dysfunction and augmented ROS production.

More evidence that mtDNA damage is present in OA

arises from a study comparing age-matched normal and

OA cartilage. In the data shown, there was significantly

more mtDNA damage in OA cartilage than in normal

cartilage, suggesting that mtDNA is damaged in the

pathogenesis of OA [4]. This pathway of ROS-induced

mtDNA damage and dysfunction might lead to the

impairment of cartilage and joint function in OA. At

present, these interactions are not well understood. More-

over, there are no studies published investigating the

relationship between mitochondrial ROS, mtDNA damage

and MMP expression in cartilage. Based on the above-

mentioned findings, we hypothesized that mtDNA damage

and mitochondrial-originated oxidative stress modulates

matrix destruction in the setting of OA through the

upregulation of MMP protein levels.

Methods

Chondrocyte primary culture and chemicals

The cartilage was obtained from neonatal Sprague Dawley

rats (3–5 days). Primary chondrocyte cultures were gen-

erated by overnight digestion of minced cartilage samples

with 5 mg/mL of collagenase B (Roche, Indianapolis, IN)

in Dulbecco’s Modified Eagle Medium: Nutrient Mixture

F-12 (DMEM/F12; Invitrogen, Carlsbad, CA) supple-

mented with 10 % fetal bovine serum (FBS; HyClone,

Logan, UT) and antibiotics. Cells were plated and used for

experiments after reaching confluence (3–5 days). In order

to preserve chondrocyte phenotype, primary chondrocyte

cultures were never passaged. After reaching confluence,

primary chondrocytes were treated with various doses (10,

20 and 50 lM) of menadione (Supelco, Bellefonte, PA) for

1 h. Following menadione treatment, chondrocytes were

either lysed immediately (0 h), after 1 h, or after 24 h.

Initially, chondrocytes were treated with various doses

(from 10 nM to 10 lM) of MitoTempo (Santa Cruz Bio-

technology, Santa Cruz, CA) to determine an optimal

concentration of 10 lM. The cultures then were treated

with MitoTempo (10 lM) before, during, and after mena-

dione (50 lM) treatment and were collected 24 h following

menadione treatment.

Flow cytometry

MitoSOX Red mitochondrial superoxide indicator (Invit-

rogen, Eugene, OR) employs a novel fluorogenic dye for

highly selective detection of superoxide in the mitohcon-

dria of live cells [16]. To evaluate mitochondrial ROS

production, at the designated time points following

recovery from menadione treatment, chondrocytes were

trypsinized and collected by centrifugation. To ensure that

all cells were harvested, cell culture media from each dish

were combined with the resulting cell suspension from the

same dish following trypsinization. Cells were resuspended

with MitoSOX (2 lM) and allowed to incubate at 37 �C for

10–15 min. Samples were analyzed by a BD FACSCan-

toTMII flow cytometer (Becton–Dickinson, Franklin Lakes,

NJ) to identify mean mitochondrial ROS production.

Analysis was performed utilizing at least 10,000 events.

Assessment of mitochondrial DNA damage

After the designated time point following treatment, pri-

mary chondrocyte cultures were lysed overnight in buffer

containing proteinase K (Roche, Indianapolis, IN). DNA

was isolated by standard phenol–chloroform extraction,

precipitated with cold ethanol, and digested overnight with

BamHI (Roche, Indianapolis, IN). Prior to loading on an
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alkaline agarose gel for Southern blot analysis, each sample

containing 5 lg of total DNA was incubated with 0.1 N of

NaOH to reveal single strand breaks. After gel electro-

phoresis under alkaline conditions, DNA was transferred by

means of vacuum transfer to a nylon membrane. Mem-

branes were hybridized with a polymerase chain reaction-

generated radioactive specific probe representing a part of

the cytochrome-c oxidase subunit-III human mitochondrial

gene. Autoradiograms were scanned for hybridization band

intensity and DNA damage was evaluated as the amount of

DNA breaks per 16 kb fragment. Break frequency was

determined using the Poison expression (s = -lnP0, where

s is the number of breaks per fragment, and P0 is the fraction

of fragments free of breaks) [17].

Western blot analysis

To analyze changes in cellular proteins, Western blot

analysis was employed. Following the designated treatment

times, cells were lysed in cell lysing buffer (Cell Signaling

Inc., Danvers, MA) and processed according to the man-

ufacturer’s suggestions. These suspensions were centri-

fuged at 5,000 g to pellet any remaining debris, and the

supernatant protein was used for Western blot analysis. The

protein concentration was determined using the Bio-Rad

protein dye microassay according to the manufacturer’s

recommendation (Bio-Rad Laboratories Inc., Hercules,

CA). Matrix metalloproteinase-1 (Pierce Biotechnology,

Rockford, IL) and MMP-3 (Lab Vision Corporation, Fre-

mont, CA) were used to evaluate MMP levels. Anti-actin

antibody was used to ensure equal loading of total protein

fractions.

Stastical analysis

Statistical analyses were performed utilizing one-way

analysis of variance (GraphPad Software Inc., La Jolla,

CA) where appropriate. These studies consisted of a min-

imum of an n = 3. A difference of P \ 0.05 was consid-

ered significant. The Tukey’s post hoc test was used to

determine the source of difference.

Results

The purpose of the study was to investigate if mtDNA

damage and mitochondrial-originated oxidative stress

modulates matrix destruction in the setting of OA through

the upregulation of MMP protein levels. To induce mito-

chondrial-originated oxidative stress, chondrocytes were

treated with various doses of the redox cycler menadione

Fig. 1 Flow cytometry analysis of increasing mitochondrial ROS

production of cells treated with menadione. The chondrocytes were

treated with various doses of menadione for 1 h. The chondrocytes

then were trypsinized immediately after menadione treatment (0 h),

1 h after treatment (1 h) and 24 h after treatment (24 h). The

chondrocytes then were collected and incubated with MitoSOX red

(2 lM) for 10–15 min at 37 �C. The cells then were analyzed from at

least 10,000 events via flow cytometry and mean fluorescent intensity

values were recorded. Figures are graphed as the mean ± standard

error and fold increase compared to control. The results were obtained

from a minimum of three Independent experiments and *represents

significant difference (P B 0.05) from control vs sample treated with

menadione

Fig. 2 Alkaline Southern blot analysis of mitochondrial DNA

damage induced following exposure to 50, 20, and 10 lM of

menadione for 1 h. Primary chondrocytes cultures were treated with

menadione, then left to recover for 24 h. At the appropriate time,

chondrocytes were lysed and DNA was isolated, restricted and

analyzed with Southern blot analysis. Decreases in band intensity

indicate increases in mtDNA damage accumulation (a). The results

were obtained from a minimum of three independent experiments,

and the graph represents the mean break frequency ± standard error

mean (b). *indicates a significant difference (P \ 0.05) in comparison

to control
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for 1 h. Cells were collected immediately after treatment,

1 h after treatment or 24 h after treatment. MitoSOX red

was added to the cells and mitochondrial-originated ROS

were detected via flow cytometry. MitoSOX red detects

ROS in the mitochondria of live cells. Menadione-induced

mitochondrial-generated ROS reached statistical signifi-

cance after 1 h at a 50 lM concentration of menadione

compared to control (Fig. 1). Additionally, this significant

mitochondrial ROS production persisted even 24 h after

menadione treatment. These data not only show significant

ROS production, but it also suggests a state of mitochon-

drial-originated oxidative stress.

Many studies have shown that ROS-induced mtDNA

damage and mutations lead to the synthesis of functionally

impaired respiratory chain subunits, causing further respi-

ratory chain dysfunction and augmented ROS production.

To verify that mtDNA was damaged, Southern blot ana-

lysis was performed. Chondrocytes were treated with

menadione for 1 h and cells were lysed after 24 h. As

mtDNA is damaged, the hybridization band intensity

decreases. Figure 2 shows a dose-dependent decrease of

mtDNA integrity. The results of Southern blot analysis

indicate an increase in mtDNA damage, thus likely

resulting in further respiratory chain dysfunction.

To determine whether this mitochondrial-originated

oxidative stress leads to an increase in MMP levels,

chondrocytes were treated with various doses of menadi-

one. Western blot analysis was performed 24 h after

menadione treatment. MMPs-1 and -3 are thought to play

an important role in the progressive degradation of the

extracellular matrix in OA. The data show that MMP-1 and

-3 protein levels increased with increasing doses of men-

adione (Fig. 3). This increase reached significance at the

50 lM concentration of menadione. Therefore, as mito-

chondrial-originated ROS significantly increased, MMP

protein levels significantly increased. Because MMP levels

also reached significance at the 50 lM concentration, this

dose was utilized for the remaining experiments.

If MMP protein levels increase with increases in mito-

chondrial-generated ROS, then we hypothesized that MMP

levels would decrease with decreases in mitochondrial-

generated ROS. To test this hypothesis, MitoTempo, a

mitochondria-targeted antioxidant with superoxide and

alkyl radical scavenging properties was employed. To

determine the optimal concentration of MitoTempo,

chondrocytes were treated with increasing doses of Mito-

Tempo for 24 h. After the treatment time, cells were lysed

and Western blot analysis was performed. Western blot

analysis revealed a dose-dependent decrease in MMP

protein levels (Fig. 4). These data show that scavenging

levels of ROS decreases MMP levels.

Fig. 3 Western blot analysis

showing mitochondrial-

generated ROS increases MMP

protein levels. Primary

chondrocytes cultures were

treated with various doses of

menadione for 1 h, then given

24 h to recover. The cells then

were lysed and subjected to

Western blot analysis to

determine MMP-1 and MMP-3

(a) protein levels. Graphs

represent the mean ± stand

error mean of MMP-1 (b) or

MMP-3 (c) protein levels. The

results were obtained from a

minimum of three independent

experiments and *indicates a

significant difference

(P \ 0.05) in comparison to

control

Fig. 4 Western blot analysis showing that ROS scavenging decreases

physiologic MMP levels. The chondrocytes were treated with various

doses of MitoTempo for 24 h. After treatment, the cells were lysed

and analyzed for MMP-1 via Western blot analysis
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In order to validate that mitochondrial-originated oxi-

dative stress regulates MMP protein levels, chondrocytes

were treated with menadione in the presence of Mito-

Tempo. In Fig. 5, MMP-1 and -3 levels decrease with the

addition of MitoTempo in comparison to menadione

treatment without the addition of MitoTempo. Therefore,

although mitochondrial-originated ROS and MMP protein

levels increase with the addition of menadione, the addition

of mitochondrial ROS scavengers decreases MMP. To our

knowledge, this is the first study to show a relationship

among mitochondrial-generated ROS, mtDNA damage,

and MMP protein levels.

Discussion

The results of the present study show that elevated levels of

ROS generated in chondrocytes can overwhelm repair

mechanisms and significantly damage mtDNA. This dam-

age to mtDNA can initiate signals which lead to the

enhanced production of MMP-1 and MMP-3. When the

ROS are scavenged by an antioxidant directed toward the

mitochondria, mitochondrial-generated ROS is signifi-

cantly reduced, and there is a concomitant decrease in the

production of MMP-1 and MMP-3. These data provide

evidence that mitochondrial-originated oxidative stress

provides regulation of MMP protein levels.

Due to the importance of DNA repair processes,

researchers have sought to correlate the biochemical events

of DNA damage and repair with various biological end-

points including cell survival and death. Interest in mtDNA

damage has risen with the discovery that defects in the

mitochondrial genome are associated with several human

hereditary diseases [18]. Additionally, the accumulation of

mutations and deletions in mtDNA, with their associated

defects in OXPHOS, have been implicated in diabetes,

skeletal muscles, neurodegenerative diseases, and aging

[19–23]. Furthermore, different mtDNA haplogroups have

been shown to correlate with risk of OA [24].

The importance of mtDNA damage and dysfunction in

the pathogenesis of OA has not been fully elucidated. One

investigation shows that the destructive effects of pro-

inflammatory cytokines on chondrocytes include the initi-

ation of mtDNA damage and the concomitant onset of

mitochondrial dysfunction [25, 26], consequently leading

to increased ROS production in chondrocytes. Mitochon-

drial ROS can also be produced as a result of physiological

mechanical strains, in which ROS plays a critical role as a

second messenger [27, 28]. Furthermore, mitochondrial

dysfunction could amplify the responsiveness to cytokine-

induced chondrocyte inflammation through ROS produc-

tion and NF-jB activation [29]. At present, it is far from

clear which effects are primary or causative and which

effects are secondary or associated side effects.

Several studies have been published addressing the

effects of ROS on matrix synthesis. A few in vitro studies

have reported the degradation of cartilaginous tissues by

ROS-generating systems, likely by the direct attack of

Fig. 5 Mitochondrial ROS scavenging decreases mitochondrial

ROS-induced MMP levels. Primary chondrocyte cultures were treated

with Mitotempo (10 lM) before, during, and after 1 h treatment with

menadione (50 lM). 24 h after menadione treatment, cells were lysed

and subjected to Western blot analysis for MMP-1 (a) or MMP-3 (b).

Graphs represent the mean ± stand error mean for MMP-1 (c) or

MMP-3 (d) protein levels. The results were obtained from a minimum

of three independent experiments and *indicates a significant

difference (P \ 0.05) in comparison to control
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proteoglycan and collagen molecules by free radicals [30,

31]. It has been shown that incubation of acid soluble type I

collagen with superoxide anion radicals, generated by the

xanthine oxidase-hypoxanthine system, degraded collagen

and prevented the formation of fibrils by this collagen [32].

Thus, ROS may serve as an inhibitory agent for cartilage

matrix synthesis. Additionally, ROS may contribute to

cartilage degradation by mediating the activation of latent

MMPs.

MMPs-1 and -3 have been found to play a role in the

destruction of the matrix in OA. Mitochondrial respiratory

chain dysfunction has been show to modulate MMP

expression [33]. More importantly, data provided in this

paper shows it is the ROS generated by the mitochondria

that can increase MMP protein levels. And when ROS from

the mitochondria is scavenged, it leads to a subsequent

decrease in MMP levels. Some researchers have demon-

strated how hyaluronic acid reduces the MMP-3 expression

and cartilage destruction [9, 14, 34]. Due to the scavenging

properties of hyaluronic acid, this data seem to be consis-

tent with our findings.

In conclusion, current evidence indicates that mito-

chondrial dysfunction and mtDNA damages are important

players in the pathogenesis of OA, but data are lacking to

support the hypothesis that these processes contribute to the

impairment of cartilage integrity. This study shows how

mtDNA damage and specifically ROS generated from the

mitochondria, or lack thereof, can regulate MMP-1 and -3

protein levels. Future investigations are needed to fully

define the relationship of mitochondria and MMPs in the

pathogenesis of OA. This work provides new and important

insight into the role of mitochondria in chondrocyte func-

tion and its potential importance in therapeutic approaches.
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