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Abstract

Objective—To quantify functional age-related changes in the cartilage antioxidant network to 

discover novel mediators of cartilage oxidative stress and osteoarthritis (OA) pathophysiology.

Methods—We evaluated knee OA histopathology in 10, 20, and 30-month old male F344BN rats 

and analyzed cartilage oxidation by the ratio of reduced:oxidized glutathione. Antioxidant gene 

expression and protein abundance were analyzed by qRT-PCR and selected reaction-monitoring 

mass spectrometry, respectively. Superoxide dismutase 2 (SOD2) activity and acetylation were 

analyzed by colorimetric enzyme assays and Western blotting, respectively. We examined human 

OA cartilage to evaluate the clinical relevance of SOD2 acetylation, and we tested age-related 

changes in the mitochondrial deacetylase, sirtuin 3 (SIRT3), in rats and mice.

Results—Cartilage oxidation and OA severity increased with age and were associated with an 

increase in SOD2 expression and protein abundance. However, SOD2 specific activity decreased 

with age due to elevated post-translational lysine acetylation. Consistent with these findings, 

SIRT3 decreased substantially with age, and treatment with SIRT3 increased SOD2 activity in an 
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age-dependent manner. SOD2 was also acetylated in human OA cartilage, and activity was 

increased with SIRT3 treatment. Moreover, in C57BL6 mice, cartilage SIRT3 expression 

decreased with age and whole-body deletion of SIRT3 accelerated the development of knee OA.

Conclusion—Our results show that SIRT3 mediates age-related changes in cartilage redox 

regulation and protects against early-stage OA. These findings suggest that mitochondrial 

acetylation promotes OA and that restoration of SIRT3 in aging cartilage may improve cartilage 

resistance to oxidative stress by rescuing acetylation-dependent inhibition of SOD2 activity.
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Introduction

Aging is the primary risk factor for osteoarthritis (OA), the most common type of joint 

disease and a leading cause of disability. A central feature of OA pathology is the 

degeneration of articular cartilage, which is caused by an imbalance in chondrocyte anabolic 

and catabolic activities. Aging promotes this imbalance through cell intrinsic and extrinsic 

changes that decrease growth factor signaling (1,2), increase inflammatory and proteolytic 

signaling (3,4), and promote chondrocyte senescence and apoptosis (5,6). Most hypotheses 

on the causes of these age-related changes involve an increase in pro-oxidant signaling or 

oxidative stress (7–9). However, the age-dependent basis of oxidative stress in cartilage is 

not well understood.

An increasing number of studies indicate a role for altered mitochondrial function in OA 

pathogenesis (10–12). Genetic differences based on mitochondrial DNA haplogroup 

significantly alter the risk of developing knee and hip OA and modify the expression of 

cartilage proteolytic enzymes in OA patients (13,14). In addition, mitochondrial reactive 

oxygen species (ROS) production is increased in OA cartilage due to impaired electron 

transport chain activity and mitochondrial DNA deletions, suggesting that mitochondrial 

dysfunction promotes cartilage oxidative stress (11). Moreover, OA cartilage is more 

susceptible to ROS damage due to a reduction in the expression of the mitochondrial 

antioxidant enzyme SOD2 (15–19). These findings suggest a central role for mitochondrial 

redox imbalance in OA pathogenesis. Mitochondrial function declines with age in a variety 

of tissues; however, the effect of aging on mechanisms regulating chondrocyte redox balance 

remain to be determined.

Our goal was to identify novel risk factors for the initiation of OA by examining age-

dependent changes in chondrocyte redox homeostasis and OA progression. To do so, we 

evaluated OA pathology and biomarkers of oxidative stress in F344xBN F1 hybrid 

(F344BN) rats. We selected the F344BN hybrid rat for this study because unlike other 

inbred rat strains that have high incidences of specific age-related pathologies, such as 

kidney disease or cancer, the F344BN rat develops generalized age-related pathologies and 

adult-onset weight gain similar to aging human populations in developed countries (20). 

Here we provide the first report of age-associated OA pathology and cartilage oxidative 

stress markers in F344BN rats. Using this animal model, we conducted comprehensive 
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quantitative gene expression and protein abundance screens of age-associated changes in 

cartilage cellular mediators of oxidative homeostasis. These findings revealed upregulated 

SOD2 as the most differentially expressed antioxidant enzyme in aging cartilage. SOD2 

specific-activity, however, declined in an age-dependent manner due to elevated post-

translational acetylation. Given the central role of the mitochondrial deacetylase SIRT3 in 

regulating mitochondrial protein acetylation levels, we conducted the first evaluation of a 

potential role for SIRT3 in regulating age-dependent changes in cartilage SOD2 function and 

OA risk.

Materials and Methods

Animals

Male F344BN F1 hybrid rats were purchased from the NIA Aging Rodent Colony at 7, 17, 

and 26 mo of age. Rats were housed in OMRF’s vivarium for a period of 3–4 mo with ad 
libitum access to NIH31 chow diet (Harlan). Male C57BL/6J mice were purchased from The 

Jackson Laboratory (Bar Harbor, ME, USA) and housed in OMRF’s vivarium for a period of 

4–32 wks. Mice were placed on a standardized control diet (D12450B, Research Diets) 

beginning at 6 wks of age and continued on this diet throughout the study. The left and right 

knee joints were obtained from 10–14 mo old SIRT3 KO and WT littermate mice (C57BL/6 

background; 10-mo: n=2 WT and n=2 KO; 14-mo: n=2 WT and n=1 KO). Additional 6-,12-, 

and 18-mo old male C57BL/6J mice were obtained from the NIA Aging Rodent Colony 

(n=6 per age). All procedures were performed in accordance with a protocol approved by the 

OMRF Institutional Animal Care and Use Committee.

Human OA Cartilage Patient Information

Waste cartilage tissue was obtained by informed consent from doctor-diagnosed OA patients 

undergoing joint replacement surgery at the Bone and Joint Hospital at St. Anthony in 

Oklahoma City, OK, in accordance with protocols approved by the Human Subjects IRB of 

the OMRF (11–38) and the University of Oklahoma Health Sciences Center (16156). 

Following surgery, waste tissue was transported in sterile saline to OMRF where cartilage 

explants were harvested, immediately frozen in liquid nitrogen, and stored at −80°C until 

analysis. Samples were collected and analyzed from 10 patients for protein expression (n=8 

female), and SIRT3-dependent SOD2 activity was tested in a subset of 6 patients (n=5 

female). The average patient age was 67.2 ± 8.1 yrs (S.D.), and the average BMI was 30.1 

± 6.9 (S.D.). Samples were harvested from patients that had not undergone a significant 

change in body weight (>10%) in the previous 6 mo.

Histology and Immunohistochemistry

Immediately following death, rodent knee joints were harvested for histological evaluation 

as previously described (21). Two experienced blinded graders evaluated OA pathology in 

F344BN rats using a semi-quantitative histomorphometric scoring system (Table S1). Knee 

OA scores were evaluated in SIRT3 KO and WT littermate mice as previously described 

(21). SIRT3 and SOD2 immunostaining was performed with a rabbit anti-SIRT3 monoclonal 

antibody (1:100) or anti-SOD2 polyclonal antibody (1:100), respectively. Two blinded 
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graders conducted semi-quantitative scoring of staining intensity in the tibial and femoral 

articular cartilage. Additional details are provided in Supplemental Materials.

RNA and Protein Extraction

Knee femoral and tibial cartilage was carefully dissected under a stereomicroscope using a 

fresh scalpel blade and immediately placed in TRIzol® Reagent (Ambion) on ice. Cartilage 

mRNA and protein were isolated following the manufacturer’s protocol, and mRNA was 

purified using a RNeasy Micro Kit (Qiagen). Protein samples were dissolved in 1% SDS for 

Western blotting or Mass Spectrometry analyses.

Glutathione Content

Tissues for the glutathione assay were placed directly in 20mM MOPS, 3mM EDTA buffer 

on ice. Tissues were removed from buffer, snap frozen in liquid nitrogen, and stored at 

−80°C. Samples were then cyropulverized using a MutiSample BioPulverizer (Biospec, 

59012ms) followed by sonication in phosphate buffer. Homogenate was cleared by 

centrifugation at 10,000g for 10 min. Oxidized and reduced glutathione was measured 

spectrophotometrically (Sunrise™, Tecan) using an enzymatic recycling method following 

manufacturer instructions (Cayman Chemicals). Glutathione concentration was normalized 

to total protein content of each sample (BCA Protein Assay; Thermo Scientific).

Quantitative Mass Spectrometry Analysis

Selected Reaction Monitoring (SRM) Mass Spectrometry was used to quantify protein 

abundance as previously described (22). 8pmol of BSA was added to each 20μg protein 

sample as an internal standard. Samples were analyzed using a TSQ Vantage triple 

quadrupole mass spectrometer (Thermo Scientific), operated in the selected reaction 

monitoring mode with a splitless nanoflow HPLC system (Eksigent). Data were processed 

using Pinpoint to find and integrate the correct peptide chromatographic peaks. To quantify 

protein abundance, the relative quantity of each protein was first normalized to the BSA 

internal standard and then to the geometric mean of three stable cellular reference proteins: 

α-actin (ACTA), ribosomal protein S27a (RPS27A) and peptidyl-prolyl isomerase A (PPIA).

Quantitative RT-PCR

200ng mRNA was synthesized into cDNA using RT2 First Strand Kit (Qiagen, 

SABiosciences) according to the manufacturer’s protocol. Antioxidant gene expression was 

measured using the RT2 Profiler Rat Oxidative Stress and Antioxidant Defense Array and 

analyzed using RT2 Profiler PCR Array Data Analysis software (v3.4) (SABiosciences). To 

quantify Sirt3 gene expression, 70ng cartilage mRNA was synthesized into cDNA using 

QuantiTect reverse transcription kit (Qiagen). RT-PCR was performed using QuantiTect 

primers and RT2 SYBR green (Qiagen) on a CFX96 thermocycler (Bio-Rad). Rat sirt3 gene 

expression was normalized to the geometric mean of 3 stable reference genes: ldha, hprt1, 

and rplp1. Gene expression changes were evaluated by the ΔΔCt method.
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Western Blot Analysis

TRIzol®-isolated protein samples were incubated for 10 min at 95°C in 70mM SDS and 

100mM DTT, subjected to electrophoresis using NuPAGE 4–12% Bis-Tris gels (Life 

Technology), and transferred to PVDF (Bio-Rad). Antibodies were diluted in PBS with 

0.05% Tween and 5% nonfat dry milk or 2% Bovine Serum Albumin (Sigma-Aldrich). 

Peroxidase-conjugated secondary antibodies were visualized using SuperSignal West Pico 

Chemiluminescent Substrate (Thermo Scientific) according to manufacturer’s protocol. 

Densitometry analysis was performed by ImageJ software.

Superoxide Dismutase Activity

We measured cartilage superoxide dismutase (SOD) activity spectrophotometrically using a 

Superoxide Dismutase Activity Assay (Cayman Chemical) following the manufacturer’s 

protocol. SOD2 activity was measured in the presence of KCN to distinguish from the 

cyanide-sensitive isoforms (i.e., SOD1 and SOD3). We determined the optimal KCN 

concentration by testing the inhibition of SOD activity with 3–30mM KCN, and we selected 

the lowest concentration (20mM) that provided maximal inhibition. Enzymatic activity was 

normalized to total protein content.

In vitro acetylation and SIRT3-dependent deacetylation

Cartilage total homogenate was prepared in phosphate buffer as described for glutathione 

measurements. Cartilage homogenate was acetylated in vitro using 25μM acetic anhydride 

(Sigma-Aldrich, 539996) in acetonitrile (Sigma-Aldrich, 271004) for 2 min at room 

temperature (23). Cartilage homogenate was deacetylated in vitro using 1μg recombinant 

human SIRT3 (Enzo Life Science International, BML-SE270-0500) in the presence or 

absence of 1mM NAD+ and then incubated at room temperature for 5 minutes following 

previously described methods (24). After SIRT3 treatment, samples were desalted through 

Zeba™ Spin Desalting Column (Thermo Scientific, 89882) to remove dithiothreitol (DTT). 

Desalted samples were stored on ice prior to conducting SOD2 activity assays. Although 

NAD+ catalyzes the activity of other sirtuin isoforms that are present at endogenous levels in 

the cartilage homogenate, only SIRT3 interacts specifically with SOD2 (25).

Statistical Analyses

Differences in semi-quantitative histopathology and immunostaining scores were determined 

using Mann-Whitney and Kruskal-Wallis tests (Prism 6.0f). Gene expression differences 

were determined using the program RT2 Profiler PCR Array Data Analysis (version 3.4). 

Other data were analyzed by Student’s t test or one-way ANOVA followed by Holm-Sidak’s 

multiple comparisons test (Prism 6.0f). Data are expressed as mean ± SEM unless otherwise 

stated; n indicates the number of animals per group. A value of P < 0.05 was considered 

significant. Additional methods details are provided in the supplemental materials.
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Results

Aging induces moderate OA pathology and cartilage oxidative stress in F344BN rats

OA is a whole-joint disease, involving pathological changes in cartilage, meniscus, bone, 

and synovium. We evaluated knee OA pathology in these tissues in adult (10-mo) and aged 

(30-mo) F344BN rats using blinded histomorphometric grading. Aged animals developed 

multiple OA pathologies, including cartilage proteoglycan loss and lesions extending to the 

tidemark, meniscus damage, and synovial thickening and hyperplasia (Fig. 1A). Cartilage 

OA severity increased 2-fold at all sites of the joint with age, and meniscus damage 

increased 1.5-fold with age (Fig. 1B). Aging also increased synovial growth into the joint 

space and synovial thickness (Fig. 1B) but did not increase tibial osteophyte formation. 

These findings indicate that aged F344BN rats develop early to moderate stage OA.

We next evaluated age-related changes in joint tissue redox homeostasis by measuring the 

reduced and oxidized glutathione concentrations (GSH and GSSG, respectively) in 10- and 

30-mo old F344BN rats. GSH is a major cellular ROS scavenger and co-factor for 

glutathione peroxidase activity. Thus, a decrease in the GSH/GSSG ratio indicates increased 

cellular oxidation and impaired antioxidant capacity. Cartilage GSH decreased with age 

(Fig. S1), such that the GSH/GSSG ratio decreased 59% from 10-mo to 30-mo of age (Fig. 

2A). The GSH/GSSG ratio, however, did not decrease with age in either the meniscus or in 

synovium samples that also contained the infrapatellar fat pad (Fig. 2A). Thus, age-

dependent glutathione oxidation is specific to cartilage within the knee joint of F344BN rats. 

We further evaluated the effect of aging on joint tissue oxidative stress by quantifying the 

abundance of oxidative stress responsive heat shock proteins HSPA1A and HSP90B1 in 

cartilage and meniscus using SRM Mass Spectrometry. Aging increased the abundance 

HSPA1A and HSP90B1 in cartilage but not meniscus, consistent with the glutathione 

oxidation results (Fig. 2 B–C). To evaluate potential sources of age-related changes in ROS, 

we quantified the expression of genes involved in ROS production in cartilage from 10, 20, 

and 30-mo old animals using a qPCR array targeting genes involved in oxidative stress. Only 

NADPH oxidase 4 (Nox4) significantly increased with age (3.6-fold) (Fig. 2D, the entire list 

of 84 genes comparing expression changes in different aged animals can be found in Table 

S2). Unlike other Nox/Duox enzymes, Nox4 is constitutively active, suggesting that enzyme 

expression and oxygen levels primarily regulate ROS generation. Nox4, which is localized 

to the mitochondrial membrane (26), is a major source of interleukin-1β induced ROS 

production in chondrocytes (27). Taken together, our findings from aging F344BN rats 

emphasize a role for cartilage oxidative stress in OA pathophysiology and suggest that 

mitochondrial-associated ROS production contributes to this age-dependent stress. Due to 

the short half-life and significant technical limitations of in vivo ROS detection (28), 

especially in cells embedded in extracellular matrix with a low oxygen tension such as 

articular cartilage, we examined age-dependent changes in the cellular antioxidant network 

as a mediator of cartilage oxidative stress and OA.
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Cartilage SOD2 expression increases with age and counteracts an aging-dependent 
decline in specific-activity due to elevated post-translational acetylation

Oxidative stress results from an imbalance between pro-oxidant production and antioxidant 

function. Therefore, we used quantitative gene and protein expression methods to conduct a 

comprehensive analysis of the cytosolic and mitochondrial antioxidant network to evaluate 

the effect of aging on specific antioxidant pathways (Fig. 3A). Counter to expectations based 

on studies of end-stage OA cartilage (15–17), antioxidant gene expression and protein 

abundance did not decrease with age. Instead, expression patterns of most antioxidants were 

either unchanged or increased with moderate OA progression. The cytosolic antioxidant 

enzyme aldose reductase (AKR1B1) increased with age (Fig. 3A), suggesting increased 

NADPH-dependent reduction of toxic aldehydes. In addition, the mitochondrial antioxidant 

protein peroxiredoxin 5 (PRDX5) increased with age, and catalase, which is expressed in 

both mitochondria and peroxisomes, trended up with age (Fig. 3A). Notably, we observed 

the greatest increase in SOD2 expression (Figure 3A–B). The enrichment in mitochondrial 

antioxidants with age could be due to increased mitochondrial content. However, two 

reference mitochondrial proteins, voltage-dependent anion channel protein 1 (VDAC1) and 

heat shock 70kDa protein 9 (HSPA9), did not change with age (Fig. 3C), suggesting that the 

increase in mitochondrial antioxidants, and SOD2 in particular, was not due to an increase in 

overall mitochondrial mass. Furthermore, using immunohistochemistry, the increase in 

SOD2 content with age more closely associated with areas of cartilage damage than intact 

cartilage areas (Fig. S2). Western blot analysis showed a 2-fold increase in cartilage SOD2 

content with age and no change in SOD1 or SOD3 (Fig. S3). These findings reinforce the 

mitochondrial specificity of the age-related oxidative stress response in cartilage.

Surprisingly, SOD2 activity did not increase with age despite increased protein abundance 

(Fig. 3D), indicating that the specific-activity of SOD2 decreased with age. Several recent 

studies have shown that reversible post-translational acetylation impairs SOD2 activity and 

is increased with age in several age-related disease pathologies (29). We tested if cartilage 

SOD2 acetylation increases with age using a SOD2-acetylated-lysine68-specific antibody 

(AceK68), a previously identified site of reversible post-translational lysine acetylation that 

regulates enzyme activity (25). AceK68 content, normalized to SOD2 abundance, increased 

2.4-fold with age (Fig. 4A). To test the functional significance of this observation, we 

reasoned that cartilage from 10-mo old animals would be more sensitive to ex vivo 
acetylation-induced inhibition of SOD2 activity compared to 30-mo old animals with higher 

basal levels of SOD2 acetylation. Our results were consistent with this prediction; in vitro 
acetic anhydride treatment impaired SOD2 activity less with age (10-mo: −82.5%; 30-mo: 

−37.6%; P=0.025; Fig. 4B). Thus, overall SOD2 activity is maintained across a substantial 

age range by offsetting the decrease in specific-activity with an age-dependent increase in 

expression. These findings show that aging impairs SOD2 specific-activity by elevating 

post-translational acetylation and suggest that dysregulation of mitochondrial protein 

deacetylation impairs cartilage redox regulation with aging.

Age-dependent loss of SIRT3 expression impairs cartilage SOD2 activity and induces OA

SOD2 acetylation at lysine-68 is reversibly regulated by the mitochondrial deacetylase 

sirtuin 3 (SIRT3), a central regulator of global mitochondrial protein acetylation (30). We 
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measured SIRT3 gene and protein expression and found a significant age-dependent 

reduction in SIRT3 protein abundance (77% reduction; Fig. 4C) but not mRNA expression 

(P=0.28). The age-dependent decrease in SIRT3 protein is consistent with the increase in 

SOD2 acetylation. SIRT3 is the only sirtuin that deacetylases and activates SOD2 (25); 

therefore to test the functional relevance of SIRT3-mediated regulation of SOD2 activity in 

aging cartilage, we incubated cartilage homogenates from 10- and 30-mo animals with 

recombinant human SIRT3 protein with or without the cofactor NAD+. Treating with 

activated SIRT3 increased SOD2 activity to a greater extent in aged samples (Fig. 4D), 

further indicating that aging impairs cartilage SOD2 function due to a reduction of SIRT3 

with age. We also measured the acetylation status of isocitrate dehydrogenase 2 (IDH2) 

lysine 413, which is another SIRT3-dependent acetylation sites (31). Consistent with 

findings for SOD2, IDH2 acetylation also increased with age in rat cartilage (Fig. S4), 

suggesting that the age-dependent decline of SIRT3 increases the post-translational 

acetylation of multiple mitochondrial proteins.

Next, we tested for SOD2 acetylation in human OA cartilage. Cartilage was harvested from 

both fibrillated and non-fibrillated regions of the joint to obtain an average sampling of age-

related changes. We detected SOD2 AceK68 in all samples (n=10) and found that SOD2 

acetylation, normalized to SOD2 content, increased with age (r2 = 0.74; P=0.001; Fig. 5A). 

Consistent with this finding, SIRT3 content showed a near significant trend to decrease with 

age (r2=0.40; P=0.066; Fig. 5B). This inverse relationship between SOD2 acetylation and 

SIRT3 content is comparable to our findings in aging F344BN rats. To determine the extent 

to which acetylation impairs the activity of SOD2 in OA cartilage, we measured the change 

in SOD2 activity by incubating the OA cartilage homogenate with purified human SIRT3 in 

the presence or absence of its cofactor, NAD+. Incubation with SIRT3 and NAD+ resulted in 

a significant 44 ± 22% (SD) increase in SOD2 activity (P=0.0007; Fig. 5C). These findings 

suggest that activation of SIRT3 in aging OA cartilage could increase the enzymatic capacity 

of SOD2 and improve the resistance of chondrocytes to mitochondrial oxidative stress.

Finally, to evaluate the generality of our findings, we measured the age-dependent 

expression of SIRT3 in the knee cartilage of C57BL/6J mice. In 8-wk old mice, SIRT3 was 

detected in chondrocytes throughout the femoral and tibial articular cartilage and in surface 

zone meniscal cells (Fig. 6A). During skeletal maturation from 8 to 26-wks of age, the 

percent of SIRT3-positive chondrocytes dropped from 23% to 10% (P=0.0016) in the 

middle/deep zone but did not change in the surface zone cells (18% to 15%; P=0.73), 

indicating zonal specificity to age-dependent changes. When compared across a broader age 

range, up to 52 wks, cartilage SIRT3 protein content decreased dramatically (Fig. 6B). In a 

separate analysis of 6–18 month old mice, we did not observe a significant change in 

cartilage SOD2 expression. SOD2 acetyation was not detectable due to insufficient protein. 

Thus, whereas chondrocyte SIRT3 protein levels were significantly reduced with age in mice 

as in F344BN rats, SOD2 expression did not increase with age.

To determine if the absence of SIRT3 is sufficient to induce OA, we evaluated cartilage OA 

pathology in the left and right knees from a cohort of 10–14-mo old SIRT3 KO mice and 

their WT littermates (C57BL/6 background). SIRT3 KO mice develop normally (30), but 

they are more susceptible to metabolic pathologies when challenged with energetic stresses, 
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such as caloric restriction and high-fat diet feeding (32). In our examination of idiopathic 

OA pathology, we observed a significant increase in OA in the medial and lateral femoral 

condyles of SIRT3 KO mice (Fig. 6C). The increase in modified Mankin OA score in the 

femoral condyles was due to a moderate increase in the loss of Safranin-O staining 

(P=0.029), and an increase in cartilage damage involving surface zone fibrillation in the 

lateral femoral condyle (P=0.029). Thus, in the absence of induced joint stresses, the loss of 

SIRT3 promoted early-stage site-specific increases in OA progression.

Discussion

Cartilage oxidative stress impairs extracellular matrix synthesis and stimulates cartilage 

degradation, implicating it as a central factor in the imbalance of anabolic and catabolic 

activities that drive the development of OA (8,33). Therefore, identifying the underlying 

mechanisms that cause cartilage oxidative stress during aging is of great interest for 

developing new potential therapeutic targets. Mitochondria are a primary site of ROS 

production in chondrocytes, especially following biomechanical trauma and inflammation 

(34,35). Previous studies implicate a role for the downregulation of the mitochondrial 

antioxidant, SOD2, in OA pathology (15–19). In this study, we found that aging impairs the 

specific activity of cartilage SOD2 through increased post-translational acetylation. Our 

findings further indicate that an age-dependent decrease in the mitochondrial deacetylase, 

SIRT3, is a critical factor driving this age-dependent inhibition of SOD2 specific activity.

The mechanisms by which declines in SOD2 protein or specific activity increase the risk of 

OA remain controversial. For example, although silencing SOD2 increases chondrocyte lipid 

peroxidation and mitochondrial DNA damage, it also reduces interleukin-1 stimulated 

expression of cartilage matrix proteolytic enzymes, such as matrix metalloproteinase (MMP) 

1 and 13 (18). SOD2 regulates MMP activation indirectly by modulating hydrogen peroxide-

sensitive pathways (36). Thus, SOD2 silencing may promote short-term anti-catabolic 

effects by reducing the rate of hydrogen peroxide production (37), but when it is sustained, 

the balance shifts to promoting cellular oxidative damage and degeneration. In the current 

study, the decline in the specific activity of cartilage SOD2 in aging F344BN rats was offset 

by an increase in SOD2 protein abundance, thereby maintaining overall cartilage SOD2 

activity from 10 to 30 mo of age. This raises the question about how increased SOD2 

acetylation promotes OA risk when total SOD2 activity was not altered in the cartilage of 

aging rats? SOD2 expression is regulated by stress-responsive transcription factors, 

including NF-κB and HIF-2α (38,39). In cartilage, SOD2 is rapidly upregulated in response 

to inflammatory mediators, such as interleukin-1β (40). Interleukin-1β also increases 

chondrocyte mitochondrial ROS production (35). Thus, the transcriptional coupling of 

SOD2 expression with mitochondrial ROS production suggests that factors that limit the 

dynamic range of SOD2 enzymatic activity, such as post-translation acetylation, may impair 

acute cellular stress-response mechanisms.

The effect of SIRT3 on cartilage SOD2 activity is likely context-specific given the 

heterogeneous relationship observed between age-related changes in cartilage SIRT3 and 

SOD2 protein levels in rats, mice, and human OA patients. An analysis of SIRT3-dependent 

changes on the stress-stimulated dynamic range of cartilage SOD2 activity would help 
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elucidate how SOD2 hyperacetylation contributes to the development of cartilage oxidative 

stress. Further work is needed to understand how SOD2 expression, stability, and function 

are regulated at different stages of OA and under changing conditions of mitochondrial 

acetylation.

SIRT3 regulates the acetylation status of more than 136 mitochondrial proteins (41), 

suggesting that multiple mitochondrial proteins may be impaired with aging and contribute 

to the increased risk of OA. We found that IDH2 acetylation also increases with age in rat 

cartilage. This is an additional mechanism by which SIRT3 can regulate cellular redox 

status. IDH2 is a TCA cycle enzyme that synthesizes NADPH, a critical cofactor for 

reducing GSSG to GSH (31). Thus, hyperacetylation of IDH2 would be expected to induce 

glutathione oxidation, consistent with our finding for aging rat cartilage as well as for 

previous observations of aging human cartilage (42). SIRT3 also regulates the acetylation of 

multiple mitochondrial proteins involved in fatty acid oxidation, oxidative phosphorylation, 

and mitochondrial-mediated cell death (32). Given the increasing evidence for mitochondrial 

dysfunction in OA pathogenesis (11), it is likely that the significant decline in SIRT3 protein 

in aging cartilage will also impair the ability of chondrocytes to maintain energetic and 

oxidative homeostasis during periods of metabolic stress.

The activity of SIRT3, like other sirtuins, is dependent on conserved NAD+ binding and 

catalytic domains. This reliance on NAD+ links the activity of sirtuins to periods of energetic 

stress. In chondrocytes, SIRT1, which is located primarily in the nucleus and regulates gene 

transcription, has previously been shown to enhance chondrocyte survival and matrix 

homeostasis (43). During aging and the development of OA in mice, however, SIRT1 

expression is significantly decreased, suggesting a role for insufficient SIRT1 activity in OA 

pathogenesis (44). The chondroprotective actions of SIRT1 act through multiple pathways, 

including attenuation of NF-κB signaling and upstream activation of AMP-activated protein 

kinase (AMPK) (45). The expression of several additional chondroprotective anti-catabolic 

factors activated by energetic stress, including AMPK, peroxisome proliferator–activated 

receptor coactivator 1α (PGC-1α), and FoxO family transcription factor FoxO3A, are also 

decreased in the cartilage of aging mice (46,47). Thus, SIRT3 joins a family of key 

mediators of cellular metabolic and oxidative homeostasis that are reduced with aging. 

Recently, Lombard and Zwaans proposed both direct and indirect mechanisms by which 

SIRT3 may promote activation of an AMPK-PGC-1α-FoxO3A signaling network (48). 

Given the importance of these cellular regulators of metabolic and oxidative homeostasis in 

promoting chondrocyte homeostasis (45), further work is needed to evaluate how SIRT3 

coordinates the activation of these anti-catabolic stress-responsive signaling pathways, 

which may even include a more direct role for SIRT3 in regulating gene expression (49,50).

In summary, our work extends the chondroprotective role of sirtuins to include SIRT3. 

Previous studies identified a chondroprotective role for sirtuin 1 in OA (43). Here we show 

that aging promotes OA and compromises mitochondrial redox regulation in cartilage due to 

a reduction in SIRT3 expression and impaired SOD2 specific-activity. This work advances 

our understanding of how aging increases the risk of OA and suggests that approaches 

designed to regulate the acetylation of mitochondrial proteins may have therapeutic value to 

prevent or treat OA.
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Figure 1. Age-dependent OA pathology in F344BN rats
(A) Representative histological images of coronal sections of the knee in aging F344BN rats. 

Aging increased cartilage and meniscus structural damage (arrows) and reduced Safranin-O 

staining, indicating proteoglycan loss. Aging also increased synovial thickness (double 

arrow between dotted lines) and growth (arrow head) into the joint space. Scale bars: 200μm. 

(B) Semi-quantitative histological grading for OA pathology by tissue type. OA pathology 

scores increased with age in all tissues except for osteophyte development (n=8). Values are 

mean ± SEM. *P < 0.05, **P < 0.01 versus 10-mo samples.
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Figure 2. Aging increases oxidative stress specifically in cartilage joint tissues
(A) Ratio of reduced to oxidized glutathione (GSH/GSSG) decreased nearly 60% in 

cartilage isolated from 10 and 30-mo old rat knees, indicating an increase in cartilage 

glutathione oxidation with age (n=3). Glutathione oxidation did not increase with age in 

either meniscus or synovium and infrapatellar fat pad (IFP) tissues (n=3). (B–C) Cartilage 

and meniscus stress response proteins were measured by selected reaction monitoring mass 

spectrometry and normalized to cellular reference proteins. Heat shock protein 70kDa 1A 

(HSPA1A), an oxidative stress marker, was upregulated 20% with age in cartilage (B) but 

not in meniscus (C). HSP 90kDa B1 (HSP90B1), an ER stress marker, was also upregulated 

over 50% with age in cartilage (B) but not meniscus (C) (n=6). (D) Nox4 gene expression 

was measured by qPCR array and showed the greatest upregulation with age out of 84 

oxidative stress related genes (Table S2). Nox4 is a source of superoxide associated with the 

mitochondria, suggesting an age-dependent increase in superoxide production (n=4). Values 

are mean ± SEM. *P < 0.05, **P < 0.01 versus 10-mo samples.
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Figure 3. Aging increases articular cartilage SOD2 expression but not activity
(A) Fold-change in antioxidant mRNA and protein levels from knee cartilage of 30-mo old 

F344BN rats, normalized to 10-mo old samples, measured by qRT-PCR array or SRM-MS. 

Sod2 gene expression (n=4) and protein abundance (n=6) were significantly upregulated 

with age. (B) Quantification of cartilage SOD2 gene and protein showed an age-dependent 

step-wise increase (n=4 & 6, respectively). (C) Increased SOD2 protein content was not 

associated with an age-dependent increase in mitochondrial reference protein levels (heat 

shock protein HSPA9 and mitochondrial membrane channel VDAC1), suggesting that 

overall mitochondrial abundance did not increase with age (n=6). (D) SOD2 activity 

normalized to total cartilage protein, as determined by inhibition of xanthine oxidase-

mediated oxidation of Tetrazolium salt in the presence of KCN to inhibit SOD1 and SOD3. 

Despite increased protein abundance, SOD2 activity was not altered with age (n=6). Bar 

values are mean ± SEM. *P < 0.05, **P < 0.01 versus 10-mo samples, # P < 0.05 versus 20-

mo samples.
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Figure 4. Loss of SIRT3 protein with aging impairs cartilage SOD2 activity
(A) Representative Western blot images and densitometry analysis of SOD2 acetylated 

Lysine68 (AceK68) normalized to pair-matched SOD2 protein in cartilage. AceK68 

expression showed a dose-response increase with age (n=4). (B) Inhibition of cartilage 

SOD2 activity following in vitro acetylation with 25μM acetic anhydride. Inhibition 

decreased with increasing age, consistent with elevated basal SOD2 acetylation with age 

(n=3). (C) Representative Western blot image and densitometry analysis of SIRT3 

expression in knee cartilage of F344BN rats, normalized to β-ACTIN. SIRT3 decreased 77% 

with aging (P = 0.006, one-way ANOVA) (n=4). (D) SIRT3-mediated deacetylation 

increased SOD2 activity more in aged cartilage. Cartilage SOD2 activity was measured after 

5 minutes in the presence of 1μg recombinant human SIRT3 protein with or without 1mM 

NAD+ at room temperature. Data presented as percentage of NAD+ dependent change in 

SOD2 activity (n=3). Bar values are mean ± SEM. *P < 0.05 versus 10-mo. **P < 0.01 

versus 10-mo.
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Figure 5. SOD2 acetylation is inversely correlated with SIRT3 protein content in an age-
dependent manner in human OA cartilage
Acetylated SOD2 protein was detected in human OA cartilage by Western blot and 

compared to SIRT3 protein content as a function of age. (A) Representative SOD2 AceK68 

and SOD2 Western blot images. SOD2 relative density was normalized to sample-matched 

β-ACTIN (r2=0.008, P = 0.80, n=10). SOD2 AceK68 normalized to SOD2 increased with 

age (r2=0.74, P = 0.0013, n=10). (B) Representative SIRT3 and β-ACTIN Western blot 

images. SIRT3 normalized to β-ACTIN showed a decreasing trend with age (r2=0.40, P = 

0.066, n=9). (C) SIRT3-mediated deacetylation increased SOD2 activity in human OA 

cartilage (P = 0.0007, n=6).
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Figure 6. SIRT3 is reduced in the cartilage of aging mice and protects against the onset of knee 
OA in mice
(A) SIRT3 and IgG control immunostaining in the knee joint of 8 wk old male C57BL/6J 

mice. SIRT3 staining is enriched in articular chondrocytes and surface-zone meniscal cells. 

Scale bar: 100μm. (B) Representative SIRT3 immunostaining and semi-quantitative scoring 

of tibial articular cartilage from mice ranging in age from 8 to 52 wks. Immunostaining 

scoring based on number and intensity of positively stained chondrocytes within the medial 

and lateral femoral condyles and tibial plateau (maximum = 4; see Table S1 for scoring 

details). Scoring shows a significant loss of SIRT3 with age (P = 0.0037, Kruskal-Wallis 

test) (n = 5). **P < 0.01 versus 8 wk. (C) Representative histological images of the lateral 

femoral condyles from 14-mo old WT and SIRT3 KO mice show characteristic differences, 

including a reduction in Safranin-O staining intensity (arrow) and surface fibrillation 

(arrowhead). Modified Mankin OA scores indicate a significant increase in femoral OA in 

SIRT3 KO mice. Values represent the per-animal averages of scores from left and right 

knees and two blinded graders (n=4, WT; n=3, KO). *P < 0.05 site-matched, Mann-Whitney 

test.
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