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ABSTRACT  

Post-traumatic osteoarthritis (PTOA) involves the mechanical and biological 

deterioration of articular cartilage that occurs following joint injury. PTOA is a growing 

problem in healthcare due to the lack of effective therapies combined with an aging 

population with high activity levels. Recently, acute mitochondrial dysfunction and 

altered cellular respiration have been associated with cartilage degeneration after injury. 

This finding is particularly important because recently-developed mitoprotective drugs, 

including SS-peptides, can preserve mitochondrial structure and function after acute 

injury in other tissues. It is not known, however, if cartilage injury induces rapid 

structural changes in mitochondria, to what degree mitochondrial dysfunction in cartilage 

depends on the mechanics of injury, or the time frame over which such dysfunction 

develops. Similarly, it is unknown if SS peptide treatment can preserve mitochondrial 

structure and function after cartilage injury. Here, we combined fast-camera 

elastography, longitudinal fluorescence assays, and computer vision techniques to track 

the fates of thousands of individual cells. Our results show that impact induces 

mechanically-dependent mitochondrial depolarization within a few minutes after injury. 

Electron microscopy revealed that impact induces rapid structural changes in 

mitochondria that are related to reduced mitochondrial function, namely fission and loss 

of cristae structure. We found that SS-peptide treatment prior to impact protects 

mitochondrial structure and preserves mitochondrial function at levels comparable to that 

of unimpacted control samples. Overall, this study reveals the vital role of mitochondria 

in mediating cartilage’s peracute (within minutes) response to traumatic injury and 
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demonstrates mitoprotection as a promising therapeutic strategy for injury-induced 

cartilage damage. 

Key Words: Mitoprotection, mitochondria, mechanotransduction, cartilage impact, 

posttraumatic osteoarthritis 

INTRODUCTION 

Osteoarthritis (OA) is a common cause of disability with a growing prevalence as the 

population ages, yet no therapeutics are available to prevent this disease.1,2 A hallmark of 

OA is the mechanical and biological deterioration of articular cartilage, which provides 

load dissipation and a low friction surface for joint motion.3 Articular cartilage is 

composed primarily of a dense, poro-viscoelastic extracellular matrix and chondrocytes, 

the sole cell type. Chondrocyte function is regulated in part by mechanical stimuli, where 

moderate loading initiates beneficial anabolic responses including synthesis of matrix 

proteins, but rapid or excessive loading induces cell death and catabolic signaling that 

lead to cartilage matrix degradation.4-7 Although loading is known to play this critical 

role in cartilage homeostasis, the mechanisms by which mechanical injury leads to 

cartilage damage and PTOA initiation have not been fully elucidated. In particular, 

although cellular responses in the acute time frame (hours to days) after injury have been 

investigated,8 immediate and peracute (minutes to hours) events are less well understood.  

Importantly, mounting evidence suggests that mitochondria are central mediators of the 

early cellular response to cartilage injury. Mitochondrial respiratory dysfunction is 

known to occur in late stage OA and early-chronic OA,9-11 and has been observed within 

several hours after injury.12 Oxidative stress and apoptosis have also been observed as 

This article is protected by copyright. All rights reserved. 



 

A
cc

ep
te

d 
A

rt
ic

le
 

acute responses to cartilage injury and can be mediated by mitochondria, as observed in a 

variety of experimental models,8, 11-22 and such mitochondrial responses have been 

targeted to mitigate PTOA in a porcine model.23 However, the kinetics of mitochondrial 

dysfunction in the peracute time frame after injury remain unknown. Additionally, 

mitochondria are mechanically connected to their intra- and extra-cellular environment, 

and are sensitive to their mechanical environment, but their role during acute cartilage 

injury has not been established.17 In vivo, lubricin-deficient mice with increased whole-

joint friction displayed evidence of mitochondrial dysregulation, including increased 

reactive oxygen species and caspase activation.22 Furthermore, an ex vivo wear model 

recently revealed that mitochondrial dysfunction is related to increased friction and 

sliding strain at the articular surface,20 but it remains unknown if a similar response 

develops immediately after rapid injurious loading or to what degree such mitochondrial 

dysfunction depends on injury mechanics.  

Injury-induced mitochondrial dysfunction in cartilage is especially interesting because it 

may present a promising therapeutic target. Broadly, mitochondrial function relies on the 

electron transport chain (ETC) to build an electrochemical gradient, or polarization, 

across the inner membrane, which in turn drives energy production. As such, loss of the 

characteristic folded cristae structure and depolarization of the inner mitochondrial 

membrane are hallmarks of mitochondrial dysfunction and are observed in mitochondria-

mediated diseases.24 Recently-developed mitoprotective SS-peptides localize to the inner 

mitochondria membrane, where they stabilize and restore mitochondrial structure and 

function.25 SS-31 (Bandavia, Elamipretide; Stealth BioTherapeutics, Newton MA) targets 

cardiolipin, a phospholipid exclusively expressed on the inner mitochondrial membrane 
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that promotes christae structure and efficient electron transport. By preventing oxidation 

of cardiolipin, SS-31 improves mitochondrial coupling (reducing reactive oxygen species 

and increasing ATP production) and prevents cell death and apoptosis.25-29 Indeed, SS-

peptides have shown promise for treating other mechanically-induced, mitochondria-

mediated diseases and are currently in clinical trials for multiple disease including 

ischemia reperfusion injury and pressure-induced retinopathy.28, 30-32 Previous work by 

our group demonstrated that SS-31 can prevent chondrocyte death and cartilage matrix 

degradation,15 but it the effect of SS-peptides on chondrocyte mitochondrial structure and 

function immediately after mechanical injury is unknown.  

Understanding how chondrocyte mitochondria respond to their mechanical environment 

during injury requires observing both the mechanical and biological response of cartilage 

at high spatial and temporal resolution, which presents a challenge experimentally. 

Impact loading must be rapid to be considered injurious33 and cartilage material 

properties vary over tens of microns.34, 35 Thus, to observe local tissue deformation in situ 

during injurious loading, data must be collected at rates of ~1,000 points per second and 

with micron-scale spatial resolution. A fast-camera elastography technique was recently 

developed to enable this rapid mechanical analysis.36 Additionally, to observe peracute 

chondrocyte function, individual cells’ behavior must be tracked over time with a 

temporal resolution of minutes, which could be accomplished using optical microscopy 

and fluorescent probes. Testing the mechanical dependence of peracute mitochondrial 

dysfunction after cartilage impact would require combining all of these techniques to 

observe chondrocytes in situ during injurious loading.  
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In this study, we considered two hypotheses: first that cartilage impact induces rapid, 

mechanically-dependent mitochondrial dysfunction and second, that SS-peptides protect 

mitochondrial structure and function after injury. To test these hypotheses, we combined 

advanced techniques from both mechanics and biology to reveal the complex relationship 

between injurious loading and individual chondrocyte behavior. In particular, we used 

longitudinal confocal microscopy with computer vision analysis to track a large number 

of individual chondrocytes in an ex vivo injury model and correlated their behavior with 

local injury mechanics obtained via fast camera elastography. We further utilized electron 

microscopy to confirm structural and morphological changes in mitochondria and 

observed how all of the responses changed with mitoprotective treatment. 

METHODS 

Sample Preparation  

Neonatal bovine stifles were obtained from a local abattoir (Gold Medal Packing, Rome, 

NY) within 24 hours of sacrifice. Cylindrical explants (6 mm diameter, 3 mm deep 

including articular surface) were dissected sterilely from the apex of the medial femoral 

condyle (1 explant/animal, N=9 animals; Figure 1a). Cylinders were cultured (37°C, 21% 

O2, 5% CO2) for ~8 hours in media (phenol-free DMEM containing 1% FBS, HEPES 

0.025 ml/ml, penicillin 100 U/mL, streptomycin 100 U/mL and 2.5 mM glucose). 

Explants were then bisected to create a pair of hemi-cylindrical samples.  

Fluorescence Assay of Cellular Function 

To observe mitochondrial function and cell death, paired hemi-cylinders were stained 

with a 3-color fluorescence assay: (1) tetramethylrhodamine, methyl ester (TMRM 

10nM; 30 minute incubation), which concentrates in mitochondria based on the proton 
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gradient across the inner membrane, reflecting mitochondrial polarity; (2) MitoTracker 

Green (200nM, for 50 minutes), which localizes to all mitochondria regardless of 

polarity; (3) Sytox Blue (100nM for 30 minutes), a cell-impermeant nucleic acid stain to 

identify dead cell nuclei (ThermoFisher Scientific, Waltham, MA). Paired hemi-cylinders 

were mounted side-by-side to the impactor backplate (Figure 1), as described 

previously36 and suspended in PBS containing Sytox Blue, to ensure that cells dying 

during the experiment would take-up stain. A series of preliminary studies were 

conducted to validate this experimental system (see Supplementary Materials). In a 

Figure 1. Experimental methods. (a) Cylindrical explants were dissected from medial 
condyles of bovine stifles and bisected to created paired samples. (b) Samples were 
stained with a 3-color assay for mitochondrial polarity and mounted to the stable 
backplate of a custom impactor. This test frame was subsequently mounted on a confocal 
microscope. (c) Paired hemi-cylindrical samples were mounted side-by-side on the 
backplate such that the two were in the same fluid bath but only one was impacted, while 
the second served as a non-impacted control. Samples were imaged at various locations 
relative to the impact (8 square fields of view; 5 on the impacted sample, 3 on the non-
impacted sample). (d) Samples were imaged at all locations longitudinally, including 
before and up to 60 minutes after impact. For treated samples, SS-31 peptide treatment 
was added to the PBS bath surrounding both hemi-cylinders 30 minutes before the first 
image. 
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subset of experiments, SS-31 (1 µM; provided by H. Szeto) was added and samples sat 

unperturbed in the bath for 30 minutes prior to injury. 

Cartilage Injury 

Cartilage was injured using a custom impacting device that utilizes a spring-loaded piston 

to deliver an energy-controlled impact.36, 37 Paired hemi-cylindrical samples were 

mounted such that one served as a no-impact control, while the second was centered in 

the path of an 8mm diameter stainless-steel rod (Figure 1c). Based on previous 

characterization, this impact induced a peak stress of ~1 MPa and lasted about 5-10ms, 

producing a loading rate and magnitude of tissue-level strains comparable to what may be 

experienced in vivo during injurious, super-physiologic loading.33 However, it is 

important to note that this impact geometry was not designed to reproduce any specific 

clinical loading scenario, but to expose tissues to a wide range of spatially dependent 

strains (from non-injurious to injurious) within in a relatively small field of view, 

enabling correlations between cellular function and injury mechanics to be rigorously 

investigated. 

Confocal Imaging  

To image the fluorescence assay longitudinally, the impact device, which includes a 

cover-glass window in the bottom, was mounted on an inverted, point-scanning confocal 

microscope (LSM 880, Zeiss, Oberkochen, Germany) with a 20× objective. This 

configuration allowed imaging of 424x424µm (1024 x1024 pixel) of the depth-profile of 

the samples (Figure 1b,c). Images were collected at 8 locations (5 fields on impacted 

hemi-cylinder, 3 on no-impact control), with the impact centered in the frame of the first 

image (Figure 1c). Combined, these images captured ~1 mm laterally from the impact 
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location on the articular surface to ~1 mm deep, and therefore included chondrocytes 

from the superficial zone as well as deeper layers, but do not approach the region of the 

neo-tidemark. Images were collected at 3 minutes pre-, and 0, 3, 6, 9, 12, 15, 30, and 60 

minutes post-impact (Figure 1d). Time 0 imaging started <30 seconds after impact and 

each image set took ~2 minutes to collect. Images were collected sequentially in three 

channels corresponding to the three-stain assay (Figure 2a): TMRM (red; 561nm 

excitation/563-735nm detection), MitoTracker (green; 488nm/499-553nm), Sytox (blue; 

405nm/414-479nm). 

Figure 2. Image segmentation and cell classification. (a) An image taken at the first time 
point, immediately before impact, shows characteristic staining pattern. In this mitochondrial 
assay, red staining highlights polarized mitochondria, green staining highlights all 
mitochondria regardless of polarity, and blue staining highlights dead cell nuclei. Dashed 
rectangle indicates region highlighted in (b). Scale bar indicates 100 µm. (b) Images were 
subsequently analyzed to segment and classify cells as indicated by colored outlines. Cell 
state, as determined by the color distribution in each cell, is indicated by the color of the 
segmentation outline. (i) Only cells that had polarized mitochondria (red outlines) before 
impact were tracked longitudinally. (ii) Observing the same location at 15 minutes after 
impact, some cells changed from polarized to depolarized (green outline) or dead (blue 
outline). Scale bar indicates 25 µm. 
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Image Analysis 

Confocal images were analyzed to extract individual-cell behavior over time using 

MATLAB (MathWorks, Waltham, MA). Analysis included three steps: registration, 

segmentation, and classification. At each time point, segmented cells were classified into 

one of 3 states: polarized mitochondria, depolarized mitochondria, or dead, based on stain 

intensity distribution within that cell (Figure 2). Density estimates were then used to 

compute local variations in fraction of cells in each state (see Supplemental Methods).  

Electron Microscopy  

To assess mitochondrial morphology and structure, two hemi-cylinder pairs were 

impacted as described, but without fluorescent staining. One pair was treated with SS-31 

as above. Samples were incubated at room temperature for 30 minutes after impact, then 

fixed, processed and imaged using transmission electron microscopy (TEM; see 

Supplemental Methods).  

Fast camera elastography 

To investigate the role of mitochondria in mechanotransduction during injury, fast-

camera elastography was used to track local strains in cartilage. Three hemi-cylindrical 

samples were coated with fluorescent microspheres, as described previously37 and tested 

within 5 hours of dissection. Samples were impacted as described above, while being 

imaged with a high-speed camera (10× objective; v7.1, Vision Research, Wayne, NJ) and 

mercury arc lamp illumination (HBO 100, Carl Zeiss Inc., Germany), enabling epi-

fluorescence microscopy at 4,000 frames/second. To calculate local strain tensors at peak 

indentation, videos were analyzed using 2D digital-image correlation tracking software 

(Ncorr; subset radius: 35px, subset spacing: 5px, strain radius: 5 points).38 For each 
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independent strain tensor component, strain fields were shifted to place the point of 

impact at the origin. Barnes smoothing interpolation was implemented to compute the 

average strain field on the same 100 µm spatial grid used to compute cell state density 

estimates.39 To relate cell state data with strain data, cells were binned in 2D, using the 

same spatial grid as for strain analysis. Average strain tensor and average fraction of cells 

in each state was calculated for each spatial bin.  

Statistical analysis 

Mixed-effects linear models (Table S3) were used to evaluate cell-state data and 

investigate trends across time, impact condition, treatment condition, and impact strain 

(see Supplemental Methods; Statistical Models). Models also included a random effect 

for source animal. Significance was set at p<0.01. For each model, the response variable 

was transformed to ensure normal residuals. When fitting, each model was reduced and 

residuals were checked for normality and homogeneity. After fitting, various statistical 

comparisons were evaluated using F-tests of the associated model contrasts with a 

Satterthwaite approximation for degrees of freedom. Because impact state and strain are 

not independent (no-impact samples have zero strain), three models were fit to evaluate 

different objectives while maintaining linear independence of the effect variables. Since 

all observed cells were functional before impact by definition, models were only fit to 

post-impact data, namely time 0-60 minutes. To evaluate temporal trends, two linear 

models were fit; one using fraction of dysfunctional cells as the response variable, the 

second using fraction of dead cells. To investigate the relationship between strain and 

depolarization, a linear mixed-effects model was fit to fractional depolarization from 

impacted samples only, including strain norm during impact but not impact state.  
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RESULTS 

Temporal Evolution of Mitochondrial Depolarization and Cell Death After Impact 

To study mitochondrial dysfunction after cartilage injury, we developed a functional 

assay to automatically track the fate of thousands of individual cells over time and space 

using computer vision, and applied this method in an established ex vivo injury model.36, 

37 Injured cartilage underwent a rapid and pronounced wave of mitochondrial 

depolarization, with the fraction of depolarized chondrocytes increasing sharply in the 

first 15 minutes post-impact, followed by a more gradual rise for the duration of the 

experiment (Figure 3). Cell death also increased gradually over the experiment, in 

agreement with previous results.36 Indeed, both mitochondrial dysfunction and cell death 

were significantly increased after impact compared to no-impact controls (p<1.2×10−6 for 

t≥0min; 34-46% higher for depolarization, 1-14% for cell death). As expected, no-impact 

controls showed only slight depolarization at the end of the experiment and negligible 

cell death throughout (p>0.01 for t≥0min).  

The Effects of SS-31 on Chondrocyte Fate after Injury 

Treatment with SS-31 peptide dramatically reduced both mitochondrial depolarization 

and cell death after impact (Figure 3; p<1.1×10−3 for t≥0min and p<4.5×10−3 for t⊂[9, 

30], respectively). For SS-31 treated samples, the level of dysfunction after impact was 

reduced to a level comparable to that of unimpacted, untreated controls (63% to 91% 

lower than impacted, untreated samples). In treated samples, impact still induced more 

mitochondrial dysfunction and cell death as compared to no impact (p<1.8×10−8 for t≥0 

min and p<2.6×10−11 for t≥3 min, respectively), but this increase was small in magnitude 

(2-13% and 0-3%, respectively), and not different than unimpacted, untreated controls. 
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Strain-dependence of peracute mitochondrial dysfunction 

To investigate the role of mitochondria in mechanotransduction, we tested the hypothesis 
that mitochondria depolarization was correlated with local tissue strain during cartilage 
injury. At 15 minutes post-impact, the average fractional mitochondrial depolarization in 
untreated samples was highest near the impact location and decreased further away 
(Figure 4a). In contrast, samples treated with SS-31 peptide showed much less 
mitochondrial depolarization with no obvious spatial pattern (Figure 4b). The local 
average strain tensor field, as characterized by the Lagrange strain norm at peak 
indentation, was also highest near the impact and decreased further away (Figure 4b). 
Correlating mitochondrial dysfunction with impact strain revealed that without treatment, 
mitochondrial depolarization was highly correlated with Lagrange strain norm during 
impact (Figure 4c(i), black points; Pearson correlation coefficient R=0.68; mixed-model 
slope m=2.4; p=6.0×10−300 against null-hypothesis of zero strain dependence). In 
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contrast, SS-31 treatment not only reduced mitochondrial depolarization, but also 
eliminated the correlation between strain and depolarization, indicating that SS-31 targets 
mechanically-dependent mitochondrial dysfunction (Figure 4c(i), blue points; R=0.07; 
m=0.070; p=0.23 against null hypothesis of zero strain dependence; p=7.5×10−131 against 
null hypothesis of equal strain dependence regardless of treatment). All non-impacted 
samples experienced zero impact strain, by definition, and showed negligible 
mitochondrial depolarization with no obvious spatial pattern, as expected (Figure 
4a,b,c(ii)). Full strain fields and time-dependent correlations are presented in 
Supplemental Figures S1 and S2. Collectively, these results demonstrate that 
mitochondrial function is strongly dependent on tissue strain and support the hypothesis 
that mitochondria mediate chondrocytes’ immediate response to injury.  

 

Structural Changes in Mitochondria After Impact 

Transmission electron microscopy (TEM) was used to investigate mitochondrial structure 

and morphology. Separate samples were impacted as described, without fluorescent 
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staining. As before, a subset of samples were treated with SS-31 prior to impact. 

Chondrocytes in no-impact samples displayed elongate mitochondrial morphology with 

distinct cristae structure in the inner mitochondrial membrane (Figure 5a). After impact, 

mitochondria were generally small and ovate, with little apparent cristae structure (Figure 

5b). In contrast, samples treated with SS-31 maintained normal mitochondrial 

morphology and retained cristae structure after impact (Figure 5c). 

 

DISCUSSION 

Increasing evidence supports a role for mitochondria in early responses after cartilage 

injury, where mitochondrial dysfunction may act as a key driver of downstream catabolic 
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events, initiating and perpetuating tissue damage that leads to cartilage degeneration and 

ultimately PTOA.15 Therefore, understanding how mechanical injury influences 

mitochondrial function has important implications for developing disease-modifying OA 

drugs. In this study, we tracked individual chondrocyte fate in situ after injury, and 

identified peracute strain-dependent mitochondrial dysfunction, and its prevention by the 

mitoprotective peptide, SS-31. 

Results revealed that mitochondrial depolarization was increased over baseline at the first 

timepoint (t=0; ~0.5-2.5 minutes post-impact, see Methods), suggesting that 

mitochondrial dysfunction is one of the first consequences of injurious loading. This is 

faster than previous evidence of impact-induced mitochondrial dysfunction observed 2-6 

hours after cartilage injury, where it was associated with increased proton leak and 

decreased ATP turnover, indicating increased mitochondrial membrane permeability and 

decreased ETC efficiency.15 Our findings are in contrast to those of Huser and Davies, 

who impacted cartilage with similar energy but lower stress and observed depolarization 

at 3 and 6 hours, but not immediately after injury.13 That study was in line with the 

known mechanism by which calcium overload causes mitochondrial depolarization.25, 40 

Our findings of immediate mitochondrial depolarization and high strain correlation imply 

that, at higher stress, peracute mitochondrial dysfunction can be attributed to local strain 

experienced during injury and thus may involve distinct mechanisms. Notably, while a 

large fraction of cells exhibited mitochondrial depolarization in the current study, a 

smaller fraction died, indicating a population of cells which could be rescued by 

therapeutic intervention.  
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In agreement with work in other models,20, 22 our results demonstrate chondrocyte 

mitochondrial dysfunction is localized to regions of high tissue strain; In PRG4 knockout 

mice,22 increased shear strains in the tissue were induced by increased friction due to the 

lack of lubricin.22 In Bonnevie, et. al., different shear strains were superimposed on a 

similar compressive strain field,20 while in the current work, impact loading created a 

complex loading pattern that includes both compressive and local strains. Although 

Waller, et. al. did not measure local tissue strains, Bonnevie et. al., and the current study 

measured the full 2D strain tensor in the tissue during loading, which enabled 

determination of the relationship between loading and mitochondrial response. In both 

cases, the combination of shear and compressive strains (represented by the norm of the 

strain tensor in the current study) was most predictive of mitochondrial dysfunction. 

Thus, while these studies induced different types of loading, all point to local tissue strain 

as a predictor of mitochondrial dysfunction.  

To investigate if mitoprotection can prevent impact-induced mitochondrial dysfunction, 

we tested the effect of a cardiolipin-stabilizing peptide, SS-31. Our results showed that 

SS-31 treatment before impact dramatically reduced mitochondrial depolarization to 

levels comparable to unimpacted controls. Notably, treatment targeted mechanically-

dependent depolarization, as evidenced by the loss of correlation with strain. Moreover, 

the beneficial effects of SS-31 were evident immediately after injury. While a recent 

study showed that SS-31 can reduce impact-induced chondrocyte apoptosis in the acute 

time frame (i.e. days),15 the current study shows that pretreatment with peptide can 

dramatically reduce peracute (i.e. minutes to hours) mitochondrial depolarization and cell 

death. It is important to note that the goal of this study was not to prescribe a specific 
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dose or timing for mitoprotective therapy in vivo, but to investigate the effects of SS-31 

on chondrocytes across a variety of mechanical conditions. Our previous work reported 

that the peptide diffuses rapidly through the depth of cartilage, localizes to chondrocyte 

mitochondria, and can prevent chondrocyte death and cartilage matrix degradation when 

administered up to 12 hours after injury (i.e. at 0, 1, 6 and 12 post-impact).15 

Furthermore, while the current model was designed to assess mitochondrial function in 

the peracute time frame following a single injurious episode, recent work suggests that 

articular injury inhibits cartilage lubricating mechanisms, and increased frictional 

coefficients due to inadequate lubrication are associated with strain-induced 

mitochondrial dysfunction and chondrocyte apoptosis.20,22 Taken together these studies 

suggest that in vivo, mitochondrial dysfunction is not likely limited to the acute time 

frame after cartilage trauma, but rather continues throughout the course of ongoing 

cartilage degeneration. 

Mitochondrial protection was supported by electron microscopy, which showed that 

preincubation with SS-31 preserved tubular morphology and cristae structure 30 minutes 

after impact. SS-31 has been reported to protect cristae architecture in many cell types,41-

43 but this is the first such evidence in chondrocytes. In other tissues, SS-31 is known to 

localize to the inner mitochondrial membrane, where it specifically binds to cardiolipin.28 

Cardiolipin’s conical structure helps to maintain membrane curvature and organize 

respiratory complexes into supercomplexes to facilitate electron transfer in the ETC,44 

increase ATP production, and reduce electron leak.27 Loss of christae structure is related 

to impaired cellular metabolism and increased reactive oxygen species production.44 

Although not directly assessed in the current study, the mechanism of action of SS-31 
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related to cardiolipin has been elucidated in previous work; SS-31 prevents cardiolipin 

peroxidation and promotes cytochrome c retention, helping to protect mitochondria 

cristae structure, promote efficient ATP production, and prevent apoptosis and other 

downstream responses to cytochrome c release.25, 27, 29 SS peptides can also prevent the 

degradation of OPA-1, a protein critical for cristae assembly.29 Our results in 

chondrocytes are consistent with these known mechanisms of action, however these 

events presumably occur over many hours, so our finding of protection against immediate 

mitochondrial depolarization suggests a possible additional mechanism: namely, a role in 

maintaining inner mitochondrial membrane polarity during rapid mechanical stress. More 

broadly, these data support the idea that preserving mitochondrial structure is a promising 

therapeutic target for preventing mechanically-induced cartilage injury.  

Together with previous studies, our observations support the role of mitochondria in 

mechanotransduction during cartilage injury. Given the time frame established in this 

study, both diffusible factors and physical communication of strain to mitochondria could 

play a role. Cellular strain can alter intracellular Ca+2 signaling, which is important for 

cartilage’s injury response.45, 46 Recent work demonstrated the existence of high-strain-

sensing piezo channels that are functionally linked to the cytoskeleton in chondrocytes, 

such that cell strain results in cellular Ca+2 influx and chondrocyte death.47 During cell 

stress, mitochondria play a protective role, buffering rapid shifts in intracellular Ca+2 by 

absorbing the excess and transiently storing it to maintain homeostasis.48 Over a critical 

threshold, intra-mitochondrial Ca+2 induces mitochondrial transition pores to open, 

causing depolarization, mitochondrial dysfunction and cell death.13, 49 Such signaling is 

known to induce mitochondrial swelling within 10 minutes after traumatic brain injury 
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(TBI),49 similar to the injury-induced morphological changes observed here. In TBI, these 

consequences can be reversed if mitochondrial dysfunction is addressed early.49 

Similarly, our findings suggest that mechanically-induced mitochondrial dysfunction in 

cartilage may represent an important opportunity for mitoprotective intervention. 

In addition to the known mechanisms of calcium signaling, our observations of 

immediate depolarization and high strain correlation suggest that mitochondria may be 

directly involved in mechanosensing during cartilage injury. Compressing the cartilage 

extracellular matrix induces cellular-level strain, and distorts the mitochondrial matrix.17, 

18, 50 Cytoskeletal elements can also transfer strain directly to mitochondria.51 Although 

little is known about mitochondria mechanobiology, recent work revealed 

mechanosensitive ion channels in the mitochondrial membrane that open in response 

lipid bilayer stretching, dissipating membrane potential in Arabidopsis thaliana.52 

Furthermore, calcium-sensitive potassium channels on the inner mitochondrial membrane 

of human glioma cells have been found to respond to mechanical stimulation and regulate 

mitochondrial membrane potential.53 Our results are in line with such direct 

mitochondrial mechanosensing in chondrocytes and these open questions warrant further 

investigation.  

Finally, our results demonstrate the utility of image tracking, segmentation, and 

classification techniques for advancing scientific knowledge with microscopy-based 

assays. These automated techniques enabled us to track thousands of individual cells over 

space and time, facilitating more powerful statistical analyses in concert with local 

mechanical measurements. Fluorescence microscopy assays are commonly employed to 

observe cells in vitro and in situ, and similar techniques using computer vision and 
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machine learning are broadly applicable for any study that uses microscopy and 

fluorescence to assay cellular function.  

There are several limitations to consider with regard to this study. First, 

experiments were performed on neonatal bovine cartilage explants. As cartilage matures, 

properties of the extracellular matrix change, with increased collagen density, 

organization, and crosslinking.54, 55 In the current study, the surface and middle zones of 

the cartilage were imaged. While the architecture of the immature bovine cartilage does 

not exactly match that of adult human, the most significant differences are noted in the 

deep zone, where neonatal tissue has no calcified cartilage (and hence no tidemark) and 

where the collagen is less well aligned. In contrast, the more superficial tissue is quite 

similar to adult human; We have previously shown that the mechanical properties of 

adult human and immature bovine cartilage are similar to a depth of ~1500μm from the 

articular surface.56 The local collagen and proteoglycan concentrations in this region are 

also similar to those observed in adult human cartilage.58 Furthermore, we have 

previously demonstrated that injury induces mitochondrial dysfunction, apoptosis, and 

cell death in both adult and immature cartilage, and these cellular responses can be 

rescued by treatment with SS-31.15  

Another limitation is the environmental conditions during imaging. The current 

experiments were performed at 21% oxygen concentration [O2], which is considered 

relative hyperoxia for normal cartilage.59 Although there is disagreement in the literature 

regarding the effects of O2 on mitochondrial function, between 5 and 21% O2, 

mitochondrial function in cartilage explants was relatively constant, and independent of 

[O2] and glucose in short-term (48 hour) chondrocyte culture.60-63 Furthermore, although 
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5% is often considered physiologic for normal cartilage, it is unclear what O2 

environment chondrocytes experience in vivo after traumatic injury, where hemarthrosis 

is common and bleeding from subchondral bone or joint capsule can result in admixture 

of blood with 95-100% O2 saturation.64 The current study was conducted at 21% O2 to be 

consistent with recent work linking cartilage impact to mitochondrial dysfunction12 and 

the chondroprotective effects of SS-31 in injured cartilage explants.15 Additional studies 

are warranted to investigate the effects of mitoprotection at various oxygen 

concentrations ex vivo. 

Finally, it is important to note that the impact geometry in this study was not designed to 

reproduce any specific clinical loading scenario, it was intentionally designed to impose a 

wide range of strains (from 0 far from the impact to >0.4 under the impactor) in a 

relatively small field of view with high spatiotemporal resolution. Physiologic loading 

would induce a different distribution of strains in the tissue, but the response of cells to 

the microscale strain in their surroundings would not be expected to change. The strength 

of this experimental setup is that it allows us to directly observe local tissue strain and 

track the immediate live-cell responses of thousands of individual chondrocytes, while 

the cells are still embedded in their inhomogeneous peri- and extra-cellular matrices. 

Combined, this experimental design enables us to explore the underlying relationship 

between impact strain and cellular dysfunction, including mitochondrial depolarization 

and cell death.  

By combining advanced techniques to understand local mechanics and cellular 

dysfunction, this study revealed the vital role of mitochondria in mediating cartilage’s 

peracute response to traumatic injury. Our results show that mitochondria dysfunction 
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immediately after injury, are central to chondrocyte’s response to trauma and that 

mitoprotection via SS-31 presents a promising therapeutic strategy. Collectively, this 

study of rapid impact mechanics and peracute mitochondrial dysfunction in cartilage is an 

important step toward understanding the pathogenesis of post-traumatic osteoarthritis and 

targeting mitochondria for treatment. 
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