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Abstract

Mechanical loading is essential for articular cartilage homeostasis and plays a central role in the

cartilage pathology, yet the mechanotransduction processes that underlie these effects remain

unclear. Previously we showed that lethal amounts of reactive oxygen species (ROS) were

liberated from the mitochondria in response to mechanical insult, and that chondrocyte

deformation may be a source of ROS. To this end, we hypothesized that mechanically-induced

mitochondrial ROS is related to the magnitude of cartilage deformation. To test this, we measured

axial tissue strains in cartilage explants subjected to semi-confined compressive stresses of 0, 0.05,

0.1, 0.25, 0.5, or 1.0 MPa. The presence of ROS was then determined by confocal imaging with

dihydroethidium (DHE), an oxidant sensitive fluorescent probe. Our results indicated that ROS

levels increased linearly relative to the magnitude of axial strains (r2 = 0.83, p < 0.05), and

significant cell death was observed at strains > 40%. By contrast, hydrostatic stress, which causes

minimal tissue strain, had no significant effect. Cell permeable superoxide dismutase mimetic

Mn(III)tetrakis (1-methyl-4-pyridyl) porphyrin pentachloride (MnTMPyP) significantly decreased

ROS levels at 0.5 and 0.25 MPa. Electron transport chain inhibitor, rotenone, and cytoskeletal

inhibitor, cytochalasin B, significantly decreased ROS levels at 0.25 MPa. Our findings strongly

suggest that ROS and mitochondrial oxidants contribute to cartilage mechanobiology.
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1. Introduction

The material properties of articular cartilage are tailored to transmit physiological loads

across the joint and to provide necessary articulation for joint motion. Physical forces

experienced in the joint strongly influence the metabolic response of resident chondrocytes

that in turn facilitate functional adaptation of cartilage for future mechanical demands

(Wong and Carter 2003). Although unclear, there is evidence to suggest that chondrocyte
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deformation in response to mechanical load on cartilage initiates specific intracellular

processes that alter cellular viability, matrix synthesis and inflammation (Quinn et al. 1998;

Quinn et al. 2001; Stevens et al. 2009; Torzilli et al. 2006).

Cartilage is a hypoxic tissue, where mitochondria are scarce and ATP production occurs

almost exclusively through anaerobic glycolysis (Stockwell 1991; Otte 1991). Although the

number of mitochondria in cartilage is low, their dysfunction has been correlated with the

development of osteoarthritis (Cillero-Pastor et al. 2008; Blanco et al. 2011), suggesting that

they may be contributing to cartilage homeostasis and pathology.

In highly oxygenated tissues, it is estimated that 2-3% of molecular oxygen is incompletely

reduced to ROS in the mitochondria, specifically superoxide (O2
•−) (Chance and Williams

1955). This level is sufficient for intracellular signaling and other physiological processes

without causing extensive oxidative damage (Chance and Williams 1955). Previous

experiments demonstrated that cartilage requires a source of oxidants to maintain glycolytic

ATP synthesis (Lee and Urban 2002), and that mitochondrial oxidants act as this source in

low oxygen conditions (Martin et al. 2012). Interestingly, superoxide can be targeted and

quenched intracellularly using a cell-permeable superoxide dismutase mimetic, such as

MnTMPyP. This chemical converts superoxide to hydrogen peroxide and can grant

protection from mitochondrial superoxide related damage (Strathmann et al. 2010).

Mechanical stimulation of chondrocytes has been shown to reorganize the cytoskeleton

(Durrant et al. 1999) and even distort the mitochondria (Knight et al. 2006). This mechanical

distortion has been linked to mitochodrial ROS release, which is dependent on the condition

of the cytoskeleton. By dissolving the chondrocyte cytoskeleton with cytochalasin B, using

rotenone to block complex I of the electron transport chain, or sequestering ROS with the

antioxidant N-acetyl cysteine we were able to reduce the amount of ROS and cell death,

indicating that mitochondria are involved in chondrocyte mechanotransduction, and

cytoskeletal deformation was coupled to this lethal mitochondrial ROS release (Martin et al.

2009; Goodwin et al. 2010; Sauter et al. 2012).

Taken together, these studies led us to hypothesize that mitochondrial production of ROS,

specifically superoxide, is a deformation-dependent, cytoskeleton-mediated process. Using a

bovine osteochondral explant model, we subjected specimens to either semi-confined static

compressive stresses or hydrostatic stresses between 0 and 1.0 MPa. ROS production and

chondrocyte viability were assessed using confocal microscopy and compared to axial tissue

strains. The effects of MnTMPyP, cytochalasin B, or rotenone to sequester superoxide,

dissolve the cytoskeleton, or block mitochondrial complex I, respectively, were determined

in a static compressive stress model.

2. Methods

2.1. Explant Harvest and Culture

Osteochondral explants (15mm × 15mm) were harvested from mature bovine lateral tibial

plateaus under sterile conditions. The subchondral bone was left attached with a thickness of

5-8mm. The explants were then allowed to equilibrate in culture media containing 45%
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Dulbecco's Modified Essential Medium (DMEM), 45% F12, 10% Fetal Bovine Serum

(Invitrogen) in low oxygen (5% O2, 5% CO2) for 48 hours.

2.2. Mechanical Loading

2.2.1. Compressive Stress Apparatus—Mechanical loading was achieved using a

custom indentation device previously described (Ramakrishnan et al. 2011) (Fig 1a) that was

housed inside a low oxygen incubator (5% O2, 5% CO2). Prior to loading, central specimen

thickness was measured using a calibrated ultrasound device (Fig S1, Sonopen®, Olympus

NDT). Specimens were securely fixed in a custom jig interfaced with stainless steel screw

fixators with the explant completely bathed low oxygen equilibrated media. Specimens were

loaded with an 8.0 mm-diameter flat, non-porous cylindrical indenter. The indenter was

brought into contact with a specimen to a minimal tare load of 0.1N. Immediately after

reaching the tare load, specimens were loaded at a constant strain rate of 0.1/s until the

target stress was achieved (0.05, 0.1, 0.25, 0.5, or 1.0MPa). The target stress was then held

constant for one hour while actuator displacement was recorded. Axial strain was calculated

as a ratio of maximal displacement after one hour of loading and cartilage thickness prior to

loading (it was assumed that there was no deformation in the subchondral bone).

2.2.2. Hydrostatic Stress Apparatus—Cartilage explants were placed inside

impermeable bags, completely bathed in low oxygen equilibrated media, heat-sealed, and

placed inside the hydrostatic chamber. The chamber was evacuated and filled with distilled

water to function as the pressurizing liquid. The hydrostatic pressure chamber was

instrumented with a stepper motor (Ultramotion®, with optical encoder feedback) and

pressure transducer (Sensotec® FP2000 series). Static pressure was achieved using the

stepper motor to depress a hydraulic piston attached to the chamber (Fig 1b). Actuator

control and pressure feedback were controlled and programmed with LabVIEW. Specimens

were subjected to one hour of constant hydrostatic stress.

2.3. Imaging of Oxidants, Viability and Quantification

2.3.1. Confocal Imaging—Immediately after loading, explants were stained with 5.0μM

dihydroethidium (DHE, Invitrogen), an ROS indicator, or 1.0μM ethidium homodimer-2

(EthD-2, Invitrogen), a cell death indicator, along with 1.0μM Calcein-AM (Invitrogen), a

live cell indicator, for 30 minutes under previously described culture conditions (Goodwin et

al. 2010; Martin et al. 2012). Specimens were imaged using a Bio-Rad MRC-1024 confocal

microscope. Images of the explants were made with a 20× water immersion lens (Nikon).

Three random sites within the central 4.0 mm of the loaded region (to avoid edge artifacts

from loading) were imaged from the surface to a depth of ∼200μm in 20μm intervals.

2.3.2. Automated Quantification—Cell counts for oxidant production and viability

were achieved using Quantitative Cell Image Processing (QCIP™), a custom automated

MATLAB® cell counting program. For any explant, the three image sites were processed

for the percentage of DHE or EthD-2 stained cells. The mean percentage for each explant

was taken for analysis. Validation and further information on QCIP™ can be found in the

supplementary information.
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2.4. Effect of Semi-confined Static Compressive Stress on ROS Production and
Chondrocyte Viability

Explants were subjected to semi-confined static compressive stress of 0, 0.05, 0.1, 0.25,

0.50, or 1.0 MPa (n=7, 5, 5, 6, 5, 5 respectively) for one hour as described above. Axial

strain was calculated as described. Specimens were bathed in Calcein-AM and DHE

immediately after loading for 30 minutes. Image data were processed for oxidant and total

cell counts using QCIP™. The total number of cells was considered the aggregate of DHE

and Calcein-AM positive cells. Oxidant producing cell counts were reported as the mean

percentage of the three image sites.

Subsequently, another group explants were subjected the same envelope of compressive

stresses, 0, 0.05, 0.1, 0.25, 0.5, or 1.0MPa (n=7, 5, 6, 5, 7, 5 respectively), for one hour and

stained with Calcein-AM and EthD-2 after loading. Image data were processed for dead cell

and total cell counts using QCIP™. Cell death cell counts were reported as the mean

percentage of the three image sites counted (Calcein-AM and EthD-2 pooled for each

image).

2.5. Effect of Hydrostatic Stress on ROS Production and Cell Death

Explants were subjected to either 0.5 or 1.0 MPa of hydrostatic stress as described above for

one hour. Calcein-AM and DHE (0.5MPa n=5, 1.0MPa n=6) were used to measure oxidant

production and Calcein-AM and EthD-2 (0.5MPa n=5, 1.0MPa n=5) used for cell death.

ROS production and dead cell count were collected and processed as described above.

2.6. Effect of Inhibitors on ROS Production

To determine if superoxide was the major source of ROS, explants were incubated with

100μM MnTMPyP (Cayman Chemical) for one hour prior to loading. Subsequently

specimens were subjected to either 0.25MPa (n=5) or 0.5MPa (n=5) static semi-confined

compressive stress for 1 hour with continued exposure to MnTMPyP. Specimens were

stained and imaged for ROS production in the same manner as above.

To determine if blocking mitochondrial NADH dehydrogenase (Complex I) during cartilage

compression stress had an effect on ROS production, explants were incubated with 2.5μM

rotenone (Sigma Aldrich) for one hour prior to loading. Specimens were subjected to either

0.25MPa (n=5) or 0.5MPa (n=5) static semi-confined compressive stress for 1 hour with

continued exposure to rotenone. Specimens were stained and imaged for ROS production as

described above.

To investigate the role of the cytoskeleton in mitochondrial ROS production, explants were

pre-treated with 20μM cytochalasin B (Sigma Aldrich) for four hours prior to loading.

Subsequently, specimens were subjected to semi-confined static compressive stress of either

0.25 (n=5) or 0.5 MPa (n=6) for one hour as described. Specimens were stained and imaged

for ROS production as previously described.

MnTMPyP, rotenone, and cytochalasin B were not found to be cytotoxic or induce DHE

staining in unstressed specimens at the doses and durations used (data not shown) (Sauter et

al. 2012; Goodwin et al. 2010; Wolff et al. 2013).
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2.7. Statistical Analysis

For all data representation and analyses the mean percentage of DHE (ROS) or EthD-2 (cell

death) from the three images for each explant was treated as one data point. The one way

ANOVA with Tukey's post hoc test was employed to assess the statistical differences in the

staining percentages under the differing stress levels (0, 0.05, 0.1, 0.25, 0.5, or 1.0MPa),

with the independent variable being the stress level and the dependent variable being the

percentage of DHE or dead cells. Linear Regression and Spearman rank order correlation

were also employed to identify the association of tissue strain with the staining percentages

(Sigmaplot 11).

To assess the statistical difference between hydrostatic stress and compressive stress, an

unpaired t-test was used comparing the hydrostatic stress (0.5MPa, or 1.0MPa) to its

corresponding static stress (0.5MPa, or 1.0MPa) for the percentage of DHE stained cells or

cell death. A second unpaired t-test was then used to assess statistical significance between

each of the hydrostatic stress groups and the unloaded control group.

To assess the statistical difference among pretreatment of MnTMPyP, rotenone, or

cytochalasin B on the percentage of DHE stained cells at 0.5MPa or 0.25MPa the one way

ANOVA with Tukey's post hoc test was employed at each stress level separately. Here, the

independent variable was considered the pretreatment substance (MnTMPyP, rotenone, or

cytochalasin B) and the dependent variable was the percentage of DHE stained cells.

3. Results

Representative confocal images from an unloaded control and specimens loaded at all four

stress levels show Calcein-AM and DHE staining after static compression (Fig 2). The

percentage of DHE-stained cells increased with increasing semi-confined static compressive

stress (Fig 3). In unloaded specimens, 2.7% (±4%) of the cells were stained with DHE.

ROS-positive DHE staining increased to 5.9% (±3%) at 0.05MPa, 11.1% (±7%) at 0.1 MPa,

35.6% (±17%) at 0.25 MPa, 56.4% (±7%) at 0.5 MPa, and 76.7% (±5%) at 1 MPa. The

increases at 0.25, 0.5, and 1.0 MPa were significant (p<0.05) over the unloaded control. In

contrast, semi-confined static compressive stresses up to 0.5 MPa did not cause widespread

chondrocyte death, ranging from 4.1% (±3%) in unloaded specimens to 12.5% (±8%) in

specimens loaded up to 0.5 MPa. Chondrocyte death increased significantly (p<0.05) in

specimens loaded to 1.0 MPa compared to unloaded samples, increasing to 38% (±7%).

Regression analysis revealed a strong linear relationship between axial-tissue compressive

strain and DHE staining (R2=0.87, Fig 4a) and the Spearman rank order test showed a

positive correlation (0.916; p<0.001). In this model, axial-tissue strain best correlated with

ROS production. Chondrocytes death, however, had an exponential correlation (R2=0.62,

Fig 4b). Strains below 40% caused very little chondrocyte death in contrast to strains above

60% which led to widespread chondrocyte death. The sharp rise in chondrocyte death

occurred between 40% and 60% axial-tissue strain.

In contrast to semi-confined compressive stress, hydrostatic stress, which has been shown to

induce no bulk tissue strain (Bachrach et al. 1998), did not provoke significant ROS
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production at 0.5 MPa (5.4% ±9% ) and 1.0 MPa (7.1% ±8%) compared to unloaded

specimens (4.1% ±3%) (Fig 3). Likewise, hydrostatic loading resulted in minimal

chondrocyte death (5.8% ±4% at 0.5 MPa and 3.0% ±3% at 1.0MPa).

MnTMPyP has been shown to be a potent superoxide scavenger and Figure 5 shows that

pre-treatment significantly reduced oxidant staining at both 0.5MPa (15.6%±10%) and

0.25MPa (4.8%±2%) compared to the untreated specimens at the same stress levels,

indicating that superoxide is the primary ROS constituent in loading response observed in

these experiments. The mitochondrial electron transport inhibitor, rotenone, significantly

reduced oxidant staining at 0.25MPa (12.6% ±5%) static compression (p<0.05), but did not

significantly reduce staining at 0.5MPa (42% ±19%), indicating that mitochondrial complex

I plays a significant role in the superoxide release at lower stresses (Fig 5). Similar trends

were observed when explants were pre-treated with cytochalasin B, an inhibitor of actin

polymerization (Fig 5). DHE staining declined significantly (14% ±13%) at 0.25MPa

(p<0.05), but no effect was observed at 0.5MPa (54.6% ±12%), showing that an intact

cytoskeleton is required for ROS release at the lower stresses. Representative DHE images

for each treatment can be found in the supplementary information (Fig S3).

4. Discussion

This study demonstrated that semi-confined static compressive stress induces superoxide

release in cartilage chondrocytes in a strain-dependent manner. This response was similar to

that observed in cartilage loaded cyclically over a similar range of compressive stresses

(Tomiyama et al. 2007). However, ROS production under hydrostatic stress was negligible

at 0.5MPa and 1.0MPa, indicating that tissue strain and/or distortion are required for the

ROS response.

Treatment with rotenone reduced DHE staining under static stress compression by 65% in

specimens loaded to 0.25 MPa, demonstrating that mitochondrial complex 1 (NADH

dehydrogenase) is involved. These findings were in part consistent with our previous work

demonstrating that injury-induced ROS increases were mitochondrial in origin (Goodwin et

al. 2010). At the higher stresses/strains, additional sources, such as NADPH oxidase, which

would not be inhibited by rotenone, may have contributed significantly to ROS levels,

helping explain why a significant reduction was not seen at 0.5MPa, though this is

speculative and warrants further investigation.

Similar to rotenone, cytochalasin B pre-treatment resulted in a 61% reduction in oxidant

production in specimens loaded at 0.25 MPa, but not at 0.5 MPa. Previous studies have

demonstrated that the cytoskeleton facilitates transduction of tissue-level forces to cell-level

strains that are communicated to intracellular organelles and the nucleus (Orr et al. 2006;

Knight et al. 2006). Removing these intracellular communication connections could explain

the decrease in mitochondrial oxidant production at lower stresses. This idea is bolstered by

the low level of DHE staining in hydrostatically stressed explants. A previous impact injury

model demonstrated that cytoskeletal dissolution prior to impact injury significantly reduced

impact-related increases in ROS and chondrocyte death (Sauter et al. 2012), which agrees

with our findings at lower stress levels. However, at the higher compressive stress level (0.5
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MPa), the data from this experiment point toward other sources of ROS which were not

affected by cytoskeletal dissolution. Alternatively, cytochalasin D is known to reduce

chondrocyte stiffness (Trickey et al. 2004), which could lead to higher cell strain and negate

any intracellular benefit from dissolving intracellular attachments to reduce ROS levels at

this higher stress.

To confirm if superoxide was the main ROS constituent, MnTMPyP was added to the

culture medium prior to loading. MnTMPyP works as an ion superoxide oxireductase that

reduces superoxide to hydrogen peroxide only after it has been reduced by intracellular

NADPH and GSH (Araujo-Chaves et al. 2011; Peshavariya et al. 2007). As such, it is useful

for blocking superoxide production in short term experiments, but would pose a problem in

longer term experiments where MnTMPyP could deplete the reducing pool of NADPH and

GSH, leading to an increase of intracellular oxidant levels from hydrogen peroxide buildup

(Araujo-Chaves et al. 2011; Gardner et al. 1996). Here, MnTMPyP treatment reduced DHE

staining by 87% at 0.5MPa and by 72% at 0.25MPa.

While this study clearly demonstrates a relationship between ROS release and tissue strain,

it has several limitations. Firstly, the loading regimen is not physiological (one hour static

loading) leading to sustained axial strains that in most cases were greater than what would

be found in vivo. Typical in vivo contact deformation in the knee on the medial and lateral

cartilage were measured at 12.1% and 14.6%, respectively, after 300 seconds of full body

weight static loading (Hosseini et al. 2010) and in a weight-bearing single leg lunge,

deformations in the knee will reach 30% (Bingham et al. 2008). Also, only the superficial

zone was imaged, which is found to be softer than the underlying zones (Buckley et al.

2008; Schinagl et al. 1996) and shows higher local strains relative to rest of the tissue

(Chahine et al. 2007). The duration of stress application and time point of confocal imaging

were both fixed in these experiments, leaving the effects of shorter or longer stress durations

and differing confocal time points unknown. As such the long-term viability of the explants

in these treatments is also unknown. We would expect that cell death and DHE signals

would be exacerbated under longer duration stress application, and that cell death would

continue to rise at later time points, but this remains to be tested directly. Ideally this

response would be verified with an intact joint, under physiological cyclic loading to allow

for fluid permeability and a natural cartilage-on-cartilage contact surface, which would

overcome the limitation of an impermeable rigid indenter.

While these shortcomings make extrapolating the findings in this experiment to in vivo

conditions difficult, the experiment does effectively demonstrate that the amounts of ROS

production and chondrocyte death are predictable by axial-tissue strain in a mechanically

stressed explant culture system.

Mitochondrial oxidants, once thought to be primarily pathological, participate in multiple

physiological processes and are now widely recognized for their primary role in intracellular

signaling, especially in highly oxygenated tissues (Hamanaka and Chandel 2010).

Interestingly, mitochondrial oxidants help stabilize hypoxia inducible transcription (Hif)

factors in response to tissue hypoxia (Bell et al. 2007; Weidemann and Johnson 2008). This

sensitivity to hypoxia suggests an important role for mitochondrial in cartilage physiology,
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where the tissue is inherently hypoxic. Also, previous work showed that 100μM tertiary

butyl hydroperoxide (tBHP) treatments induced glycolytic activity in cartilage, increasing

Hif-1α and GAPDH expression (Ramakrishnan et al. 2010). In addition, catabolic processes

including cyclooxygenase stimulation and matrix metalloproteinase 13 (MMP-13) activity is

seen to increase in response to ROS (Cillero-Pastor et al. 2008; Ahmad et al. 2011). While

progress on understanding the roles of mitochondrial ROS is underway, there is still much to

be elucidated.

In conclusion, the results of this investigation show that mechanical deformation of cartilage

explant induces strain-dependent superoxide release. This superoxide release is dependent

on mechanical distortion, which at lower strains requires an intact cytoskeletal network to

induce mitochondrial superoxide release. This strain-dependent release of superoxide may

be relevant to the observation that physiological mechanical stresses are beneficial to

cartilage health and increase biosynthetic activity. As an avascular tissue, with oxygen level

estimates ranging from 1% to 6% (Zhou et al. 2004), cartilage depends primarily on

glycolysis for ATP production (Lee and Urban 1997). However, when cartilage is under

completely anoxic conditions, glycolytic activity declines sharply, a response termed the

negative Pasteur effect (Lee and Urban 1997, 2002). Interestingly, the hypoxia-induced

inhibition can be reversed by providing exogenous oxidants such as methylene blue (Lee

and Urban 2002). Mitochondrial oxidants also have a key role in maintaining glycolysis in

this low oxygen environment. When mitochondrial ROS are blocked, cartilage ATP

production drops, but can be rescued by the addition of external tBPH (Martin et al. 2012).

The ROS produced by mitochondria in response to normal mechanical stress act in a similar

manner to support glycolysis, and upon their removal drastically reduce ATP levels in

cartilage (Wolff et al. 2013). Additional studies on the effects of oxidants and mechanical

stresses on ATP production and cartilage homeostasis are needed to further elucidate the

connections.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Mechanical loading devices. (a) Device for static compressive stress shown in a low oxygen

incubator. The inset shows an osteochondral explant submerged in culture medium in the

housing under the indenter. (b) Hydrostatic device shown in a water bath. The inset shows

an explant sealed in a plastic bag containing culture medium. The bag is submerged under

water in the unit.
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Figure 2.
Representative z-axis stacked confocal images (20× objective) showing oxidant production

(Red) and live cells (Green) after static compressive stress with 0 MPa (a), 0.05MPa (b), 0.1

MPa (c), 0.25 MPa (d), 0.5 MPa (e), and 1.0 MPa (f). The white bar indicates 40 microns.
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Figure 3.
Percentage of cells stained with oxidative marker, dihydroethidium (DHE), and cell death

marker, EthD-2 (DEATH), under various static stresses. Statistical significance markers are

denoted (p<0.05) as α indicating significance vs. unloaded control, β vs. 0.05MPa, γ vs.

0.1MPa, δ vs. 0.25MPa, and ε vs. 0.5MPa for compressive stress. For hydrostatic stress, ω
represents significance compared to the corresponding compressive stress and stain.
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Figure 4.
DHE staining and bulk tissue strain after stress completion (a). Regression analysis revealed

a strong linear relationship between DHE and strain. Cell death and bulk tissue strain (b).

Each point represents the mean percentage from the three image sites of each explant.
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Figure 5.
Effects of MnTMPyP, rotenone, and cytochalasin B on stress-induced DHE staining.

Sequestering superoxide produced significant reductions in DHE staining at both 0.5MPa

and 0.25MPa (p<0.05). Inhibition of mitochondrial electron transport with rotenone

decreased DHE staining after 1 hour of 0.25MPa static compressive stress (p<0.05).

Cytoskeletal dissolution with cytochalasin B significantly decreased DHE staining at

0.25MPa (p<0.05). Statistical significance markers (p<0.05) are denoted as α indicating

significance vs. 0.25MPa untreated specimens, β vs. 0.5MPa untreated specimens, γ vs.

0.5MPa rotenone treatment, and δ vs. 0.5MPa cytochalasin B treated.
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