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Abstract

The nuclear localized protein deacetylase, SIRT6, has been identified as a crucial regulator of 

biological processes that drive aging. Among these processes, SIRT6 can promote resistance to 

oxidative stress conditions, but the precise mechanisms remain unclear. The objectives of this 

study were to examine the regulation of SIRT6 activity by age and oxidative stress and define the 
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role of SIRT6 in maintaining redox homeostasis in articular chondrocytes. Although SIRT6 levels 

did not change with age, SIRT6 activity was significantly reduced in chondrocytes isolated from 

older adults. Using dimedone-based chemical probes that detect oxidized cysteines, we identified 

that SIRT6 is oxidized in response to oxidative stress conditions, an effect that was associated with 

reduced SIRT6 activity. Enhancement of SIRT6 activity through adenoviral SIRT6 overexpression 

specifically increased the basal levels of two antioxidant proteins, peroxiredoxin 1 (Prx1) and 

sulfiredoxin (Srx) and decreased the levels of an inhibitor of antioxidant activity, thioredoxin 

interacting protein (TXNIP). Conversely, in chondrocytes derived from mice with cartilage 

specific Sirt6 knockout, Sirt6 loss decreased Prx1 levels and increased TXNIP levels. SIRT6 

overexpression decreased nuclear-generated H2O2 levels and oxidative stress-induced 

accumulation of nuclear phosphorylated p65. Our data demonstrate that SIRT6 activity is altered 

with age and oxidative stress conditions associated with aging. SIRT6 contributes to chondrocyte 

redox homeostasis by regulating specific members of the Prx catalytic cycle. Targeted therapies 

aimed at preventing the age-related decline in SIRT6 activity may represent a novel strategy to 

maintain redox balance in joint tissues and decrease catabolic signaling events implicated in 

osteoarthritis (OA).
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Introduction

The sirtuins (SIRTs) represent a family of nicotinamide adenine dinucleotide (NAD+)-

dependent histone deacetylase enzymes that regulate multiple pathways required for cellular 

homeostasis via posttranslational modifications of target proteins (1). Of the seven 

mammalian sirtuins (SIRT1-7), key findings support a role for SIRT6 as a crucial regulator 

of processes that modulate longevity and drive aging (2,3). Transgenic overexpression of 

Sirt6 has been shown to improve metabolic function and extend lifespan in mice (4), 

whereas Sirt6 global knockout mice display a premature aging phenotype, metabolic 

dysfunction and a severely shortened lifespan (5). SIRT6 functions through deacetylating 

histone 3 at acetylated lysine residues at positions 9 and 56 (H3K9ac, H3K56ac) (6,7) and 

regulates an array of cellular processes including DNA repair (8,9), genomic stability (5), 

telomere integrity (6,7,10,11), metabolism (12), cellular senescence (13,14) and 

inflammation (15,16).

SIRT6 is emerging as a promising target for therapies aimed at preventing age-related 

diseases. (3,17). Current evidence also suggests that SIRT6 may play a crucial role in joint 

tissue homeostasis and regulate pathways relevant to osteoarthritis (OA) (18). OA represents 

the most common form of joint disease and is a primary cause of disability in the elderly 

(19). Intra-articular injections of lentiviral Sirt6 have been shown to reduce cartilage 

degradation in a surgery-induced OA mouse model (20), whereas Sirt6 haploinsufficiency 

increases joint inflammation, osteophyte growth, and chondrocyte hypertrophy in a diet-

induced obesity mouse model of OA (21).

Accumulating evidence suggests that SIRT6 is intricately linked to the redox status of the 

cell (8,22-24). Oxidative stress conditions arise when the production of reactive oxygen 

species (ROS) exceeds the antioxidant capacity of the cell (25,26). In addition to inducing 

indiscriminate cellular damage, oxidative stress can posttranslationally modify redox 

sensitive proteins (via sulfenylation, nitrosation, hyperoxidation, disulfide bond formation, 

and glutathionylation) which can profoundly alter physiological cell signaling events to 

promote various age-associated diseases, including OA (19,25,26). SIRT6 contains at least 

two reactive cysteines that can undergo oxidation to form a sulfenic acid intermediate 

(termed sulfenylation), which represents a posttranslational modification that can profoundly 

alter the function of SIRT6 and its downstream targets (27,28). In response to oxidative 

stress or inflammatory stimuli, sulfenylation of SIRT6 was found to regulate its ability to 

bind to transcription factors (27) and regulate metabolic homeostasis (28). Alongside its 

redox sensitivity, SIRT6 also appears to be able to modulate redox balance, govern redox 

pathways and promote resistance to oxidative stress conditions (8,23)

Despite these promising studies there remains a significant lack of data defining the 

mechanisms that link SIRT6 to articular joint aging and no studies have investigated the role 

of SIRT6 to regulate redox homeostasis in joint tissues. As increases in ROS, including 

H2O2, are associated with joint aging and dysfunction (19), the ability of H2O2 to 

antagonize SIRT6-mediated cell signaling in joint tissues may be of fundamental importance 

and could contribute to the development and progression of OA. We have previously 

demonstrated that physiological and oxidative stress levels of H2O2 can oxidize and inhibit 
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the activity of chondrocyte proteins implicated in cartilage homeostasis (29,30). 

Furthermore, our recent studies have established that targeted strategies aimed at enhancing 

antioxidant capacity can decrease oxidative stress levels, attenuate catabolic signaling events 

implicated in cartilage degradation and cell death, and promote pro-survival cell signaling 

pathways in human and mouse joint tissues (31,32). As such, the aims of this study were 1) 

to examine whether SIRT6 activity is regulated by age or oxidative stress conditions that are 

associated with aging and 2) to determine if SIRT6 is an important regulator of redox 

homeostasis and downstream cell signaling events in articular chondrocytes.

Materials and methods

Antibodies and reagents

Antibodies to phospho-p65 (ser536) (3033), total p65 (8242), Trx1 (2429), Trx2 (14907), 

HO-1 (5061), NQO1 (62262), TXNIP (c14715), SIRT6 (12486), TBP (8515), Histone 3 

(9715) and β-tubulin (2146) were purchased from Cell Signaling Technology. Antibodies 

purchased from Abcam were to Prx1 (ab109506), Prx2 (ab109367, Prx3 (ab73349), Prx4 

(ab59542), Prx6 (ab73350), PrxSO2/3 (ab16830), Nrf2 (ab62352), and β-actin (ab8226). The 

antibody to LDH was purchased from Fitzgerald (20-LR22) and the antibody to H3K9ac 

was from Millipore (06-942). The antibody to Srx was a kind gift from Dr. Sue Gho Rhee 

(Yonsei University, Seoul, South Korea). The TXNIP antibody used for IHC was from 

Proteintech (18243-1-AP). The antibody to AhpC was purified from rabbit serum (33). 

Salmonella typhimurium AhpC C165S protein was purified and expressed as previously 

described (Poole et al, 1996) and AhpC C165S was reduced and labeled with biotin 

maleimide as described (33). DCP-Bio1 was purchased from Kerafast. Menadione, H2O2, 

EX-527, N-ethylmaleimide (NEM), D-alanine, Flavin adenine dinucleotide disodium salt 

hydrate (FAD), iodoacetamide (IAM), and catalase were purchased from Sigma Aldrich. 

Dithiothreitol (DTT) was purchased from Life Technologies/Thermo Fisher Scientific. 

Endotoxin-free recombinant fibronectin fragment (FN-f) was expressed and purified as 

described (29).

Human primary chondrocyte isolation and culture

Primary human articular cartilage was obtained from the tali of deceased human tissue 

donors without known history of joint diseases through a collaboration between The Gift of 

Hope Organ and Tissue Donor Network (Itasca, IL) and Rush University Medical Center 

(Chicago, IL), with IRB approval. The donor cartilage was macroscopically inspected for 

damage or evidence of cartilage degeneration using a modified version of the 5-point Collins 

grading system (34) and only normal appearing cartilage was used. In total, normal cartilage 

was obtained from 139 donors (male, 108; Female, 31; age range 17-90 years). OA 

chondrocytes were isolated from cartilage removed from the knee joints of patients 

undergoing total knee arthroplasty through the Department of Orthopaedic Surgery at the 

University of North Carolina Medical Center (Chapel Hill, NC). Normal and OA 

chondrocytes were isolated by sequential digestion of cartilage with Pronase and 

Collagenase P and cells were seeded in monolayer in Dulbecco’s Modified Eagle Medium 

(DMEM) supplemented with 10% Fetal Bovine Serum (FBS) and antibiotics. The ages of 

tissue donors ranged from 17-90 years of age. For aging and OA studies, experiments were 
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conducted on young (≤50 years), old (>50 years) and OA chondrocytes (age-independent). 

The rationale for young and old age cut-offs was chosen based on previous data showing 

that OA prevalence peaks at 50 years of age (35). In addition, previous publications 

demonstrate that chondrocytes isolated from cartilage donors aged ≥50 years of age display 

reduced sensitivity to IGF-1, increased sensitivity to Prx hyperoxidation (a marker of 

oxidative stress conditions) and altered redox signaling when compared to chondrocytes 

isolated from younger donors (31,36). In this study, intracellular generation of physiological 

and oxidative stress levels of H2O2 were induced by treatment of chondrocytes with 

fragments of fibronectin (FN-f) (1 μM), menadione (25 μM), DMNQ (25 μM), and varying 

concentrations of H2O2 (1-50 μM) as we have previously described (29-32), or by treatment 

with D-alanine (2-10 mM) in cells transduced with the NLS-HyPer-DAAO construct 

(described below).

Adenoviral transduction

Upon 60% confluency, chondrocyte monolayers were incubated in serum-free media 

containing adenovirus (4x108 viral particles/ml) and 1M CaCl (25μl/ml) for 2 hours (37°C). 

Adenovirus-containing media was aspirated, and chondrocytes were cultured in serum-

containing media at 37°C for 48 hours. Chondrocytes were cultured in serum-free media 

prior to experimental incubations. An empty vector control (ad-Null) (Cell Biolabs) was 

used to test for non-specific effects of viral transduction. For co-transduction experiments 

(ad-SIRT6 + NLS-HyPer-DAAO or ad-Null + NLS-HyPer-DAAO), 4x108 viral particles/ml 

of each adenovirus were added in serum free media (with 25μl/ml 1M CaCl2) for 2 hours 

prior to incubation in serum-containing media at 37°C for 48 hours. Confirmation of co-

transduction was confirmed at 48 hours by fluorescence detection using an EVOS m5000 

imaging system (Thermo Fischer Scientific) and by immunoblotting.

Recombinant SIRT6 activity assay

The deacetylase activity of human recombinant SIRT6 was measured using the fluorometric 

SIRT6 activity assay kit (Abcam) in a 96 well plate format following manufacturer’s 

instructions. Briefly, duplicate wells contained ddH2O (25 μl), SIRT6 assay buffer (5 μl), 

Fluoro-Substrate peptide (5 μl), NAD+ (5 μl) and developer (5 μl). Reactions were initiated 

by addition of recombinant SIRT6 alone, recombinant SIRT6 in the presence of 50 μM 

H2O2 or recombinant SIRT6 in the presence of the SIRT6 inhibitor, EX527 (100 μM). 

Addition of 50 μM H2O2 in the absence of recombinant SIRT6 was also included to assess 

the effects of H2O2 alone on the assay system. Deacetylation of the Fluoro-Substrate peptide 

was measured at 15 mins (Ex/Em=480-500/520-540) on a Spectramax M2e multi-mode 

plate reader (Molecular Devices). Experiments were repeated on 3 separate occasions (n=3). 

Data are expressed as percentage SIRT6 activity at 15 mins compared to control 

(recombinant SIRT6 activity alone).

Detection of oxidized protein thiols using the biotinylated iodoacetamide (BIAM) 
enrichment method

Human articular chondrocytes were cultured in monolayer and treated with varying 

concentrations of exogenous H2O2 (0-50 μM) for 30 mins. The detection of oxidized thiols 

was analyzed using the BIAM labeling method as previously described (30). Briefly, cells 
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were lysed in 1X Cell Signaling lysis buffer containing phosphatase inhibitor cocktail and 

10 mM NEM in order to alkylate free thiols. Cell lysates were incubated for 30 mins under 

gentle agitation at 4°C and excess NEM was removed by desalting the samples using Zeba 

columns (Thermo Scientific). Desalted samples were harvested and treated with 5mM DTT 

for 1 hr at 4°C and incubated with 0.1 mM BIAM overnight under gentle agitation (4°C). 

BIAM selectively reacts with thiols that are susceptible to oxidation, allowing for 

identification of thiols in the sulfenic, disulfide, glutathionylated and nitrosated state. 

Centrifugation to remove insoluble proteins preceded protein quantification using the BCA 

assay. Streptavidin beads (Thermo Scientific) (120 μl) were loaded onto Pierce spin columns 

and washed twice in PBS and then in 0.1% SDS. Protein samples (200μg) were loaded into 

Pierce Spin columns and equal amounts (20μl 0.5ng) of pre-biotinylated AhpC was added 

into each sample as an internal standard that served as a loading control. Spin columns were 

rotated overnight at 4°C and then rinsed with PBS (3x). Samples were boiled in laemmli 

sample buffer to elute the beads, allowed to cool, centrifuged (3,200 rpm, 4 mins), and then 

equal amounts of supernatant were loaded onto 12% SDS-PAGE gels and immunoblotted 

under reducing conditions with antibodies to SIRT6 and AhpC.

Detection of sulfenylated thiols using the DCP-Bio1 enrichment method

Identification of DCP-Bio1 labeled lysates for detection of S-sulfenylated cysteine 

intermediates was performed as recently described (29,33,37). Human articular 

chondrocytes were cultured in monolayer and treated with 1 μM FN-f, 25 μM menadione or 

25 μM DMNQ for 30 mins and lysed in standard lysis buffer containing 200 units/ml 

catalase and 5 mM DCP-Bio1. Samples were incubated at 4°C under gentle agitation for 30 

mins and 20 mM IAM was added to each sample to block free sulfhydryls. Samples were 

incubated at 4°C under gentle agitation for an additional 30 mins. Cell lysates were 

centrifuged, and the soluble protein fraction was harvested. DCP-Bio1 labeled lysates were 

loaded onto Bio Gel P6 (Bio-Rad) columns and centrifuged at 1000g (4 min) to remove 

unbound DCP-Bio1. Protein content of DCP-Bio1 labeled lysates were quantified using the 

BCA assay. Streptavidin beads (120 μl) were loaded onto Pierce spin columns and washed 

twice in PBS and then in 0.1% SDS. Protein samples (200μg) were loaded into Pierce Spin 

columns and equal amounts (20μl 0.5ng) of pre-biotinylated AhpC was added into each 

sample as an internal standard that served as a loading control. Spin columns were rotated 

overnight at 4°C and then rinsed with TBST (3x), 2M urea (1x), 1M NaCl (1x), 0.1% SDS + 

10mM DTT (2x) and PBS (2x). Samples were boiled in laemmli sample buffer to elute the 

beads, allowed to cool, centrifuged (3,200 rpm, 4 mins), and then equal amounts of 

supernatant were loaded onto 12% SDS-PAGE gels and immunoblotted under reducing 

conditions with antibodies to SIRT6 and AhpC. Due to our previous findings demonstrating 

the sensitivity of chondrocyte Prx2 to H2O2-induced oxidation (31,32), DCP-Bio1 labeled 

lysates were also immunoblotted for Prx2 as a positive control.

Induction and measurement of nuclear-generated H2O2 using the Nuclear Localization 
Signal-HyPer-D-amino acid oxidase (NLS-HyPer-DAAO) chemogenetic approach

To generate nuclear-specific H2O2, chondrocytes were transduced with NLS-HyPer-DAAO. 

This genetically engineered construct is contained in an adenoviral vector that is comprised 

of DAAO fused to the H2O2 indicator HyPer and targeted to the nucleus (NLS) (38). DAAO 
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oxidizes exogenously added D-alanine (D-ala) to produce H2O2 specifically in the nucleus, 

which can then be directly visualized and monitored using HyPer. Preliminary experiments 

using exogenously added H2O2 (50μM) confirmed the sensitivity of HyPer in this construct 

(Supplementary Figure 1). To validate the effect of NLS-HyPer-DAAO to generate and 

measure nuclear H2O2, human chondrocytes were transduced with the NLS-HyPer-DAAO 

construct for 48 hours and chondrocytes were treated with various concentrations of D-ala 

(2-10 mM) for 15 mins. These concentrations of D-ala have previously been shown to 

generate varying levels of H2O2 in other cell types using HyPer-DAAO constructs (38-42). 

To test the effect of SIRT6 overexpression to regulate nuclear H2O2 generation, 

chondrocytes were co-transduced with the NLS-Hyper-DAAO expressing vector and either 

an empty vector control (ad-Null) or an adenoviral vector encoding SIRT6 (ad-SIRT6) and 

treated with 6mM D-ala for 15 mins. For each experiment, the cofactor, flavin adenine 

dinucleotide (FAD) (2.5 μM) was added to cell cultures during experimental exposures to 

maintain H2O2 generation beyond 10 mins (39). Differential Interference Contrast (DIC) and 

epifluorescence imaging was carried out on an Olympus IX81 widefield inverted microscope 

equipped with a motorized filter wheel and 20x/ 0.7NA objective. All experimental 

incubations were carried out in an Environmental Control Chamber (Tokai Hit) to ensure 

that conditions were maintained at 37°C in a humidified atmosphere containing 5% CO2. 

The fluorescent signal was excited sequentially using CFP (434/17) and FITC (475/35) 

bandpass excitation filters. The emission was collected using a FITC (530/43) bandpass 

emission filter for both excitations. Fluorescence images were recorded every 10 seconds. 

After at least 5 mins of background recording, D-ala was diluted in 50 μl of warm culture 

media and added to cell cultures without interruption of the recording. DIC images were 

taken prior to, and after, experimental manipulations. Ratiometric analysis was performed 

using a pipeline developed in CellProfiler software (43). Nuclear position was determined 

using the fluorescence signal from CFP excitation images (Supplementary Figure 2). The 

outlines of nuclei used as ROI for intensity calculations were documented for visual 

verification. For each ROI the ratio between integrated fluorescence intensity for CFP and 

FITC excitation was calculated and averaged across the frame for each time point of 

recording.

Analysis of chondrocyte signaling by immunoblotting

Chondrocyte monolayers were incubated overnight in serum-free conditions prior to 

experimental incubations. For analysis of basal protein levels, total cell lysates were 

prepared as previously described (31) and immunoblotting under reducing conditions was 

performed with the specified antibodies. In addition, chondrocytes were treated with 25 μM 

menadione to induce oxidative stress, for the indicated times. Nuclear and cytoplasmic (non-

nuclear) chondrocyte fractions were extracted using NE-PER Nuclear and Cytoplasmic 

Extraction Reagents (Thermo Scientific) following manufacturer’s instructions and 

immunoblotted under reducing conditions with an antibody to PrxSO2/3 or phosphorylated 

p65. Immunoblots were stripped and reprobed with an antibody to total-p65 as a loading 

control. Immunoblotting with antibodies to the nuclear proteins lamin B or TBP and with an 

antibody to LDH as a cytoplasmic marker were used as loading controls and to confirm 

nuclear and cytoplasmic separation. The cytoplasmic (non-nuclear) fraction includes the 

contents of all organelles other than the nucleus.
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SIRT6 functions as a specific H3 deacetylase that targets lys-9 (H3K9) and immunoblotting 

for the acetylated form of H3K9 (H3K9ac) can be used as an inverse marker of SIRT6 

deacetylase activity (6). Thus, an increase in H3K9ac is regarded as a marker of decreased 

SIRT6 activity. Total chondrocyte histone fractions were isolated using the Histone 

Extraction kit (Abcam) and were immunoblotted with an antibody to H3K9ac. Histone 3 

served as a loading control. In many cases, total protein levels were also analyzed using the 

Pierce™ Reversible Protein Stain Kit for Nitrocellulose Membranes (Thermo Fisher 

Scientific) to further confirm equal loading. In all cases, antibodies were diluted in TBST 

containing 5% blotting-grade blocker. All antibodies were used at a 1:1000 dilution, with the 

exception of the antibody to PrxSO2/3 (1:2000), the antibody to TXNIP (1:300) and the 

antibody to AhpC (1:500).

Prx redox status in response to treatment with D-alanine in cells transduced with NLS-

HyPer-DAAO was assessed by visualizing the reduced and oxidized forms of the Prxs by 

non-reducing immunoblotting, as we (31,32), and others (44,45), have previously described. 

Briefly, chondrocytes were transduced with NLS-HyPer-DAAO and treated with 6mM D-

alanine for 0-60 mins. In order to alkylate reduced thiols and prevent lysis-induced artificial 

oxidation of the Prxs, cell monolayers were rinsed in PBS and incubated for 10 mins in an 

NEM-containing alkylating buffer (40 mM HEPES, 50 mM NaCl, 1mM EGTA, 200 

units/ml catalase, 100 mM NEM and phosphatase inhibitor cocktail 2 (pH7.4)). Cells were 

then lysed for 30 mins under gentle agitation at 4°C in lysis buffer containing 200 units/ml 

catalase, 100 mM NEM and phosphatase inhibitor cocktail (pH 7.4). Cell lysates were 

centrifuged, and the soluble protein fraction was harvested. Total protein concentrations 

were determined using the Pierce Micro BCA kit (Thermo Scientific). Protein lysates were 

boiled for 5 mins and immunoblotted under reducing or non-reducing conditions (presence 

or absence of 10% β-mercaptoethanol) as described (45).

RNA isolation and RT-qPCR from human chondrocytes

RT-qPCR data shown in Figure 1C was generated alongside a previously published study 

(46) (Sirt6 Taqman Assay ID: HS00966002_m1). For other data, RNA was isolated from 

human chondrocytes derived from younger and older adults using the RNeasy Mini Kit 

(Qiagen) according to manufacturer’s instructions. Reverse transcription was performed 

using ImProm-II™ Reverse Transcriptase system (Promega) and PCR performed using 

SYBR Green Supermix (BioRad) and gene-specific oligos purchased from Qiagen on a 

QuantStudio™ 6 Flex machine (Applied Biosystems). Primer sequences used were: TXNIP; 

F: GGTCTTTAACGACCCTGAAAAGG; R: ACACGAGTAACTTCACACACCT; Prdx1 F: 

CATTCCTTTGGTATCAGACCCG; Prdx1 R: CCCTGAACGAGATGCCTTCAT; Srx1 F: 

CAGGGAGGTGACTACTTCTACTC; Srx1 R: CAGGTACACCCTTAGGTCTGA). Gene 

expression was normalized to TBP as housekeeping control.

Generation and validation of inducible cartilage specific Sirt6 deficient mice

All animal experiments were conducted in accordance with the Institutional Animal Care 

and Use Committee of the University of North Carolina at Chapel Hill. 

Acantm1(IRES-cre/ERT2)Crm (Aggrecan CreERT2) mice (47) were a kind gift from Dr. Benoit 

De Crombrugghe and were crossed to the conditional Sirt6tm1.1Cxd mouse (12) (Jackson 
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Labs, stock number 017334, Bar Harbor, ME, USA) to generate Aggrecan-CreERT2; Sirt6fl/fl 

mice. Littermate Sirt6fl/fl (in the absence of Aggrecan-CreERT2) mice were used as Sirt6 
controls. For in vitro femoral cap explant studies, 4-8-week-old mice were euthanized by 

CO2 asphyxiation and cervical dislocation. Femoral head cartilage explants from the hip 

joints of these mice were harvested by removal of the capital femoral epiphysis from the 

underlying bone. Femoral cap explants were cultured in serum-containing media for two 

days to allow for recovery post removal. Femoral cap explants were then cultured in media 

containing 5 μM 4-Hydroxytamoxifen (Sigma-Aldrich) for 2 media changes (total of 96 

hours) to activate Cre recombinase activity of Aggrecan-CreERT2 and induce Sirt6 loss. 

Explants were maintained in serum-containing media for 1 week with media changes every 

48 hours. Femoral caps were harvested and then homogenized in ceramic bead tubes 

(MOBIO) in lysis buffer (200 μl) using a Precellys homogenizer (Bertin Technologies) as 

previously described (31). Cell lysates were collected and centrifuged to remove non-soluble 

proteins. Protein concentrations were determined using the BCA assay prior to 

immunoblotting for proteins of interest.

Immunohistochemistry (IHC) on human knee joint cartilage sections

Human medial femoral condyle cartilage sections were a kind gift from Dr. Martin Lotz 

(Scripps Research Institute, La Jolla, CA). Cartilage surfaces were macroscopically graded 

using a modified Outerbridge scoring system and knee maps from the International Cartilage 

Repair Society (ICRS) as previously reported (48). Cartilage from younger adults had an 

average age of 43.0±6.2 yrs. (range, 36–48) and total knee macroscopic grade corresponded 

to grade II (mild changes, 59.0±1.73). Cartilage from older adults had an average age of 

73.3±4.6 yrs. (range, 68–76) and total knee macroscopic grade corresponded to grade II 

(mild changes, 63.0±5.5). Despite no change in macroscopic grades, cartilage sections 

derived from older adults did show some superficial changes including cartilage thinning 

and cartilage surface fibrillation, when compared to younger cartilage when we performed 

IHC. IHC was performed as previously described (49) with modifications using the 

VECTASTAIN™ Elite™ ABC Kit. Sections were incubated in 3% H2O2 for 10 mins, 

followed by incubation in 10 mM sodium citrate buffer (pH 6.0, 90°C) for 30 mins. Sections 

were blocked in 5% donkey serum, rinsed in PBS and then incubated overnight with an 

antibody to TXNIP (Proteintech, 1:300 in 2% donkey serum) at room temperature. Sections 

were rinsed in PBS and then incubated in biotinylated secondary antibody (1 hr) prior to 

incubation in VECTASTAIN™ Elite™ Avidin-Biotin Complex (ABC) solution (30 mins). 

Slides were washed and incubated in Vector™ DAB peroxidase substrate and counterstained 

with hematoxylin. Images were taken with an Olympus BX60 microscope and analyzed with 

ImageJ.

Statistical analysis

Band intensity of immunoblots were quantified by densitometric analysis using ImageJ 

software and all statistical analysis was carried out in GraphPad Prism version 8. All data are 

presented as mean values±SD. In all cases, independent experiments were conducted on 

cells isolated from different tissues donors. Individual data points showing the responses 

from individual donors are also presented and exact biological replicates (from independent 

donors) are indicated in figure legends. Results were analyzed by paired or unpaired t-tests 
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when comparing two groups, or one or two-way ANOVA when analyzing multiple groups. 

Post-hoc corrections were applied as appropriate. Specific p-values are presented in graphs. 

A p-value of <0.05 was deemed significant.

Results

Effects of age and oxidative stress on SIRT6 activity.

SIRT6 protein levels, as assessed by immunoblotting chondrocyte lysates derived from 

younger (29±7.7 yrs), older (66±3.9 yrs) or OA (62.7±3.4yrs) human cartilage did not reveal 

age or OA related differences (Figure 1A, B). Similarly, we did not observe an age-related 

difference in SIRT6 gene expression when we performed quantitative RT-qPCR on normal 

human chondrocytes isolated from adults ranging from 17-72 years of age (Figure 1C).

We did however observe an age-related change in SIRT6 activity. As SIRT6 is a specific 

histone 3 (H3) deacetylase that targets lysine 9 (K9) (6), we used normalized H3K9 

acetylation (H3K9ac) as an inverse marker of SIRT6 activity. Immunoblotting of 

chondrocyte histones with an antibody that detects H3K9ac revealed that chondrocytes 

derived from older adults (70.85±5.6 yrs.) displayed a significant increase in basal H3K9ac 

levels when compared to chondrocytes derived from younger adults (42.14±2.8 yrs.) (Figure 

2A, B), an effect consistent with an age-related decline in SIRT6 activity. Since oxidative 

stress conditions are implicated in the aging phenotype (19,25,26), we next tested the effect 

of oxidative stress levels of H2O2 to regulate SIRT6 activity. Incubation of recombinant 

SIRT6 with 50 μM H2O2 significantly decreased SIRT6 activity by 27.5±2.8% within 15 

mins (Fig 2C). Incubating SIRT6 with EX527, a SIRT6 chemical inhibitor also significantly 

decreased SIRT6 activity within 15 mins (67.1±11.0%) (Fig 2C).

Based on this finding and published work that demonstrated the redox sensitivity of SIRT6 

in other cell types (27,28), we hypothesized that SIRT6 is oxidized in chondrocytes under 

conditions of oxidative stress. To assess the redox sensitivity of SIRT6, we first treated 

human chondrocytes with various concentrations of H2O2 and captured reversibly modified 

thiols using biotinylated iodoacetamide (BIAM) labeling and affinity capture (30). At higher 

concentrations of H2O2, as would be associated with oxidative stress conditions in 

chondrocytes (30), we observed increased BIAM labeling of SIRT6 (Fig 2. D), suggesting 

that SIRT6 can be oxidatively modified in human chondrocytes. The BIAM method enriches 

for proteins containing a variety of thiol oxidative modifications, including glutathionylation 

(R-SSG), nitrosation (R-SNO) and sulfenylation (R-SOH). As H2O2-mediated sulfenylation 

of protein thiols is regarded as a key mechanism by which H2O2 regulates intracellular cell 

signaling events, we used an alternative method based on DCP-Bio1 labeling and affinity 

capture to specifically enrich for sulfenylated proteins (30). For this experiment, 

chondrocytes were incubated with fibronectin fragments (FN-f), a stimulus we have shown 

generates physiological levels of H2O2 relevant to chondrocyte signaling (30). This was 

compared to treatment with redox cycling oxidants, menadione and DMNQ, which we have 

shown generate oxidative stress levels of H2O2 in chondrocytes (31,32,50). We detected 

increased sulfenylation of SIRT6 in chondrocytes treated with both menadione and DMNQ 

(Figure 2E). Similarly, we also detected menadione and DMNQ-induced sulfenylation of 

peroxiredoxin 2 (Prx2), an intracellular thiol peroxidase that is highly sensitive to H2O2, and 
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thus served as a positive control (Figure 2E). In contrast, treatment of chondrocytes with 

FN-f, which generates lower levels of H2O2 (30), did not yield detectable sulfenylation of 

SIRT6 or Prx2 (Figure 2E). Collectively, these findings demonstrate that SIRT6 is redox 

sensitive in chondrocytes and undergoes post-translational oxidative modifications, 

including sulfenylation, in response to oxidative stress levels of H2O2.

Since post-translational oxidative modifications including sulfenylation can activate or 

inhibit the function of redox sensitive proteins, and since we showed above that treatment of 

recombinant SIRT6 with excessive H2O2 inhibited its activity, we next investigated if 

oxidation inhibits SIRT6 activity in cells and if overexpression of SIRT6 could overcome 

this effect. To this end, we transduced human chondrocytes with either an adenoviral empty 

vector control (ad-Null) or an adenoviral vector encoding SIRT6 (ad-SIRT6) (Figure 2F) and 

treated cells with menadione to generate oxidative stress levels of H2O2 (Figure 2G). After 

treatment, chondrocyte histones were extracted and immunoblotted for H3K9ac in order to 

measure SIRT6 activity. In cells transduced with the control vector, menadione treatment led 

to a significant increase in H3K9ac within 15 mins (Figure 2G, H) suggesting that 

menadione-induced oxidative stress can rapidly inhibit endogenous SIRT6 activity, 

consistent with our results using recombinant SIRT6 and H2O2 (Figure 2C). Importantly, 

overexpression of SIRT6 significantly abrogated the menadione-induced increase in H3K9ac 

protein levels observed in null empty vector controls (Figure 2G, H), indicating that SIRT6 

overexpression can increase intracellular SIRT6 activity. As such, we used the adenoviral 

vector to SIRT6 as a tool to overexpress SIRT6 and increase SIRT6 activity in further 

experiments.

SIRT6 regulates TXNIP, Prx1 and Srx levels in normal and OA chondrocytes.

To address the impact of SIRT6 on antioxidant function in chondrocytes, we transduced cells 

with the adenoviral vector to express SIRT6 or the null empty vector control and assessed 

basal protein levels of a plethora of antioxidant and redox-regulatory proteins. In total cell 

lysates, SIRT6 overexpression did not affect basal protein levels of the antioxidant proteins 

Prx2, Prx3, Prx4, Prx6, Trx2, HO-1 or NQO1 (Figure 3A, B). However, SIRT6 

overexpression significantly reduced the basal protein levels of the thioredoxin inhibitor, 

TXNIP, while significantly increasing the basal protein levels of the antioxidant proteins 

Prx1 and Srx (Figure 4A, B). In agreement with these findings, SIRT6 overexpression 

significantly decreased TXNIP gene expression and increased Srx gene expression (Figure 

4C) suggesting that SIRT6 modulates these factors at the level of transcription. Although 

Prx1 gene expression was increased in SIRT6 overexpressing cells when compared to 

controls, statistical significance was not reached (Figure 4C). The effect of SIRT6 

overexpression to decrease basal TXNIP protein levels and increase basal Prx1 and Srx 

protein levels was also observed when we performed immunoblotting on chondrocyte 

nuclear fractions (Figure 4D, E) and cytoplasmic fractions (Figure 4F,G). In addition to Prx1 

and Srx, SIRT6 overexpression significantly increased Nrf2 protein levels in normal 

chondrocytes (p=<0.0001, Figure 3A, B) but we were unable to consistently visualize Nrf2 

protein in cytoplasmic and nuclear fractions (data not shown), likely due to its degradation 

during fractionation. SIRT6 overexpression also modestly increased Trx1 protein levels in 

total cell lysates (p=0.048, Figure 3A, B) but we did not observe a change in Trx1 protein 
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levels when we immunoblotted for Trx1 in cytoplasmic and nuclear lysates (data not 

shown). Overexpression of SIRT6 in chondrocytes derived from OA tissue showed the same 

response as chondrocytes from normal tissue in terms of decreased TXNIP and increased 

Prx1 and Srx (Figure 5A, B).

To further investigate the roles of SIRT6 on antioxidant and redox-regulatory pathways in 

chondrocytes, we crossed existing Aggrecan-CreERT2 and Sirt6fl/fl mice to generate 

inducible, cartilage-specific Sirt6 deficient mice. Femoral cap explants derived from mice 

with Sirt6 loss displayed a significant increase in basal TXNIP levels, when compared to 

chondrocytes derived from Sirt6 intact mice (Figure 6A, B). In addition, Sirt6 loss 

significantly decreased basal Prx1 protein levels when compared to controls (Figure 6A, B).

TXNIP levels are increased in human knee joint cartilage sections derived from older 
adults.

Having found that 1) active SIRT6 can suppress TXNIP levels and 2) SIRT6 activity 

declines with age in chondrocytes, we hypothesized that TXNIP levels would exhibit an age-

related increase in cartilage. We performed immunohistochemistry (IHC) with an antibody 

to TXNIP on normal human medial femoral condyle cartilage sections obtained from 

younger (43.0±6.2 yrs.) and older (73.3±4.6 yrs.) adults. Younger cartilage had a lower 

percentage of TXNIP-positive cells (23%±6.2%), which likely reflects basal levels of 

TXNIP in cartilage, whereas cartilage from older adults had a significantly higher 

percentage of TXNIP-positive stained cells (73.3±12.9%), consistent with an age-associated 

increase in cartilage TXNIP levels (Figure 7A, B).

SIRT6 overexpression decreases menadione-induced cytoplasmic and nuclear Prx 
hyperoxidation and p65 phosphorylation in human chondrocytes.

We next tested the ability of SIRT6 to modulate oxidative stress in menadione treated 

chondrocytes using Prx hyperoxidation as a marker. For this, cytoplasmic (non-nuclear) and 

nuclear protein fractions were immunoblotted using an antibody that detects Prx 1-3 when it 

is in the sulfinic (SO2) or sulfonic forms (SO3). In control transduced cells, treatment with 

menadione led to a time dependent increase in cytoplasmic Prx hyperoxidation at 15 and 30 

mins (Figure 8A, B), which is consistent with our previous findings in total cell lysates 

(30-32,50). In the cytoplasmic fractions, menadione-induced Prx hyperoxidation generated a 

familiar banding pattern that we have previously observed in total cell lysates and which we 

have shown to correspond with hyperoxidized forms of Prx1, 2 and 3 (Figure 8A). In the 

nuclear fractions, we found a similar, time-dependent increase in menadione-induced Prx1 

and Prx2 hyperoxidation. Bands corresponding to hyperoxidized Prx3 were not observed in 

nuclear fractions as Prx3 is localized to the mitochondria. Overexpression of SIRT6 

significantly decreased menadione-induced Prx hyperoxidation in both the cytoplasmic and 

nuclear fractions at 15 and 30 mins (Figure 8A, B, C), indicating a decrease in oxidative 

stress levels in cells overexpressing SIRT6. This finding encouraged us to assess the effects 

of SIRT6 overexpression on redox mediated, catabolic cell signaling events in chondrocytes 

by measuring phosphorylation of the NF-κB subunit p65 in nuclear and cytoplasmic 

chondrocyte fractions. In cells transduced with the empty vector, menadione-induced 

oxidative stress led to a significant increase in p65 phosphorylation at 30 mins in both the 

Collins et al. Page 12

Free Radic Biol Med. Author manuscript; available in PMC 2022 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



cytoplasmic and nuclear compartments (Figure 8D, E, F), an effect which was significantly 

abrogated by overexpression of SIRT6 (Figure 8D, E, F).

SIRT6 overexpression decreases the NLS-HyPer-DAAO fluorescence ratio in human 
chondrocytes.

Since SIRT6 is a nuclear localized histone deacetylase enzyme and we have demonstrated it 

targets redox factors that are found in the nucleus, we speculated that SIRT6 may also 

directly modulate nuclear levels of H2O2. In order to generate and measure nuclear H2O2, 

we used a chemogenetic approach by transducing chondrocytes with a nuclear localized 

HyPer-DAAO construct (NLS-HyPer-DAAO) (38). Transduced cells showed high levels of 

expression and nuclear specificity (Supplementary Figure 3). Addition of 2 mM and 4 mM 

D-ala generated subtle increases in H2O2 levels whereas addition of 6-10 mM D-ala led to a 

consistent increase in H2O2 within 1 min, an effect which was maintained over the 15-min 

time course studied (Figure 9A, B).

To further validate this chemogenetic approach for generating nuclear H2O2 in human 

chondrocytes, we transduced cells with the NLS-HyPer-DAAO vector and assessed the 

redox status of Prx isoforms 1-3 in response to treatment with 6 mM D-ala by 

immunoblotting under non-reducing conditions. Based on our findings in cytoplasmic and 

nuclear fractions, we expected that nuclear generated H2O2 would oxidize nuclear and 

perhaps cytoplasmic Prx1 and Prx2, whereas Prx3, which is localized to the mitochondria, 

would be unaffected. Monomeric Prx1 was observed at around 22kDa and the oxidized, 

dimeric form was observed at around 38kDa, which is consistent with our previous report 

(32). In unstimulated conditions, Prx1 was mainly observed in the reduced monomeric form 

with low levels of Prx1 dimer formation (Figure 9C). Chondrocytes transduced with NLS-

HyPer-DAAO and treated with 6 mM D-ala displayed significantly increased Prx1 dimer 

formation at 5 mins, when compared to untreated control conditions. This effect was 

maintained over the time course and was accompanied by the disappearance of monomeric 

Prx1, indicating H2O2 generated by NLS-HyPer-DAAO induced Prx1 oxidation (Figure 9C, 

D). Prx2 was observed in the reduced, monomeric form at approximately 21kDa and in the 

oxidized, dimeric form at approximately 44kDa, which agrees with our prior studies (31,32). 

The response of Prx2 to D-ala stimulation was similar to that observed for Prx1. A 

significant increase in Prx2 dimer formation was detected within 5 mins of treatment with 

D-ala, when compared to untreated conditions, and dimer formation was maintained over the 

time course (Figure 9C, D). Under oxidative stress conditions and at later time points (30-60 

mins), we and others, have previously observed the disappearance of oxidized Prx dimers 

and the re-appearance of the Prx monomer, which indicates Prx hyperoxidation (31,32,44). 

For both Prx1 and Prx2, hyperoxidized monomer formation was not observed, suggesting 

that 6 mM D-ala activation of NLS-HyPer-DAAO led to physiological levels of ROS that 

oxidize the Prxs but do not cause Prx hyperoxidation (Figure 9C, D). As we have previously 

shown (31,32), monomeric Prx3 migrates at 24kDa with the dimeric form migrating at 

around 38kDa (Figure 9C). In response to treatment with 6 mM D-ala, we did not observe 

significant dimer formation or the appearance of a hyperoxidized monomer over our time 

course (Figure 9C, D), suggesting that mitochondrial Prx3 was not oxidized to form a 

disulfide, or hyperoxidized in this system.
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To assess the effects of SIRT6 overexpression on nuclear H2O2, we co-transduced 

chondrocytes with the NLS-HyPer-DAAO construct and either the empty vector as control 

or the adenoviral vector encoding SIRT6 and stimulated cells with 6mM D-ala. D-alanine 

treatment of cells expressing the HyPer-DAAO construct led to a consistent increase in 

nuclear H2O2 generation within 1 min, an effect that was maintained over the 15 min time 

course studied. Importantly, overexpression of SIRT6 consistently decreased the NLS-

HyPer-DAAO fluorescence ratio when compared to controls (Figure 9E), which we interpret 

as showing increased scavenging of H2O2, attributable to SIRT6-mediated alterations to 

Prx1, Srx, Nrf2, and TXNIP and enhancement of the antioxidant capacity of these cells.

Discussion and conclusions

Emerging evidence suggests that SIRT6 is a crucial mediator of biological processes that can 

govern aging, longevity, and key pathways implicated in various stress responses, including 

resistance to oxidative stress conditions (3,8,22,23). Despite the purported roles of SIRT6 in 

attenuation of age-related disease processes, there is a lack of studies that address the role of 

SIRT6 on joint tissue homeostasis. As such, the current study was undertaken to examine the 

role of SIRT6 in aging, in response to oxidative stress conditions associated with aging, and 

on regulation of redox homeostasis in primary human chondrocytes. Our key findings 

demonstrate that chondrocyte SIRT6 activity declines in older, when compared to younger 

chondrocytes. We also show that SIRT6 is redox sensitive, being oxidized in response to 

H2O2, an effect that is associated with a decrease in SIRT6 activity. This is of particular 

importance as we show that active SIRT6 is an important regulator of chondrocyte redox 

balance by specifically increasing Prx1 and Srx antioxidant levels, and decreasing TXNIP 

levels. These events are linked to a decrease in nuclear generated H2O2 and a decrease in 

nuclear accumulation of phosphorylated p65, the catalytic isoform of NF-κB which is 

implicated in cartilage degradation and inflammation.

Our finding that chondrocyte SIRT6 protein levels do not change with age or OA is in 

contrast to the findings reported by Wu et al (20) who demonstrated an OA-related decrease 

in chondrocyte SIRT6 when compared to non-OA chondrocytes. Our study however, 

benefits from a much larger sample size, which was a strategic effort to overcome the 

heterogeneity commonly observed in chondrocytes derived from cartilage samples from 

adult humans. Rather than a change in SIRT6 levels, in a separate experiment, our data are 

the first to show that chondrocyte SIRT6 activity declines with age in chondrocytes. In 

addition to the age effect, we also demonstrate that SIRT6 is redox sensitive in chondrocytes 

and that SIRT6 oxidation leads to a decrease in SIRT6 deacetylase activity. In this study we 

assessed acetylation of H3K9 as an inverse marker of SIRT6 activity. SIRT6 has been well 

characterized as a highly specific H3 deacetylase that targets Lys9 and as a result, the 

acetylation/deacetylation status of H3K9 is commonly used to measure SIRT6 activity 

(6,8,12,23,51-55). However, we acknowledge that deacetylation of H3K9 could also have 

been modulated by other deacetylases that have been shown to target H3K9, including 

SIRT1, and to a lesser extent, HDAC3 and HDAC11 (56,57). Our observed redox-related 

change in SIRT6 activity is supported by the work of Hu et al (51), that demonstrated in 

HEK293 cells that ROS produced by SIN-1, which include nitric oxide, lead to 

posttranslational oxidative modifications of SIRT6 (namely nitrosation) and a decrease in 
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SIRT6 catalytic activity. Posttranslational oxidative modifications of redox sensitive proteins 

are regarded as an important mechanism that can regulate cell signaling events (37). Given 

the plethora of SIRT6 targets, an age-associated or oxidative stress-induced decline in SIRT6 

activity would likely lead to disturbances in physiological SIRT6 signaling that could 

contribute to age related pathology. Indeed, recent reports in other cell types demonstrate 

that SIRT6 sulfenylation leads to alterations in SIRT6-mediated regulation of glucose 

homeostasis (28) and binding to the transcription factor, HIF-1α (27). Further examination 

of mechanisms that regulate SIRT6 activity in primary human cells are required in order to 

fully understand the complex roles of SIRT6 in cellular homeostasis.

In the current study, we used an adenoviral vector to overexpress SIRT6 as a tool to maintain 

SIRT6 activity and we examined its ability to regulate redox status in chondrocytes. 

Although we acknowledge that SIRT6 levels are high in our overexpressing samples and 

should be interpreted with caution, our data suggests that SIRT6 can regulate specific 

chondrocyte antioxidant protein levels. We observed that SIRT6 overexpression specifically 

regulated members of the Prx catalytic cycle, namely Prx1 and Srx. The Prxs display high 

reactivity with H2O2 and are regarded as the primary antioxidant system that contributes to 

cellular redox homeostasis (58-60). During Prx-mediated removal of H2O2, the peroxidatic 

cysteine of Prx undergoes oxidation to the sulfenylated form (Prx−SOH). Ordinarily, the 

peroxidatic cysteine condenses with a resolving Prx cysteine, forming a disulfide which can 

be reduced, allowing the Prx to return to the active state. This reduction step is mediated by 

the thioredoxin reductase system which is NADPH dependent and comprised of thioredoxin 

(Trx) and thioredoxin reductase (TrxR) (61). If H2O2 levels are excessive, the Prxs can 

proceed to the sulfinic (Prx SO2
−) and sulfonic (Prx-SO3

−) forms, termed hyperoxidation, 

which can potentially inhibit Prx peroxidase activity and exacerbate oxidative stress 

conditions. Hyperoxidized Prxs in the sulfinic acid state can be reduced back to the active 

form by sulfiredoxin (Srx) (62). SIRT6 mediated enhancement of Prx1 and Srx levels 

supports our hypothesis that SIRT6 is an important mediator of redox balance and could 

contribute to maintaining the cellular antioxidant capacity through upregulating specific 

members of the Prx catalytic cycle. Additionally, our previous research has demonstrated 

that increasing intracellular levels of Prx1 can enhance basal levels of Akt and its 

downstream marker of activity, PRAS40 (32). Augmented Akt signaling is implicated in 

chondrocyte survival and cartilage matrix homeostasis (36,63); thus, it is conceivable that a 

SIRT6-mediated increase in Prx1 levels could positively modulate pro-anabolic pathways 

pertinent to joint homeostasis and may represent another layer of SIRT6-mediated 

regulation.

In addition to our findings for Prx1 and Srx, basal TXNIP levels were significantly 

decreased when we overexpressed SIRT6 in primary human chondrocytes, and significantly 

increased in our in vitro SIRT6 knockdown model. TXNIP can regulate redox homeostasis 

by binding to and inhibiting Trx, thereby preventing the regeneration of oxidized Prxs. 

Through this mechanism, TXNIP is associated with increased ROS generation and 

exacerbation of oxidative stress conditions (64). As such, a SIRT6-regulated reduction in 

TXNIP levels would likely contribute to more efficient elimination of ROS generation, 

especially in aged cells where an increase in basal levels of ROS are postulated to contribute 

to cellular dysfunction (26). In agreement with our findings, Qin et al (52) have 
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demonstrated that conditional knockout of Sirt6 in beta cells increases TXNIP levels, due to 

an increase in the acetylation of H3K9 at the transcriptional start site of TXNIP (52). Such 

direct transcriptional suppression of TXNIP demonstrates the epigenetic control that SIRT6 

exerts on redox-regulating genes and further highlights SIRT6 as a key modulator of redox 

balance. In addition to TXNIP, SIRT6 has been shown to transcriptionally regulate the 

expression of various genes by deacetylation of Lys9 on histone 3 (reviewed in (1)). 

Although beyond the scope of the current study, we anticipate that SIRT6 is regulating the 

expression of Prx1, Srx, Nrf2 and TXNIP through this mechanism, and experiments to this 

end represent an important avenue of our future research. In addition, SIRT6 has been shown 

to bind directly to the antioxidant transcription factor, Nrf2, and enhance the expression of 

Nrf2-regulated antioxidant genes through deacetylation of H3K56 at promoter regions (23). 

As Nrf2 has been shown to repress TXNIP (65) and our data showed a significant effect of 

SIRT6 to enhance Nrf2 protein levels, we hypothesize the existence of a SIRT6/Nrf2/TXNIP 

axis that may be an important mechanism in maintenance of redox regulation. Although our 

study did not examine the effect of SIRT6 to regulate Nrf2-mediated regulation of TXNIP, 

this represents an important avenue of future research. In addition, further experiments are 

needed to demonstrate that our observed effects are directly mediated by SIRT6 and not an 

indirect or correlative effect of SIRT6 adenoviral overexpression or knockdown.

As SIRT6 activity declines with age, we anticipated that during aging, TXNIP levels would 

increase due to a dampening of SIRT6-mediated TXNIP repression. Indeed, our data in 

human cartilage sections shows that TXNIP was significantly increased in older cartilage 

when compared to younger cartilage. Such an age-related increase in TXNIP levels is in 

accordance with other observations in different tissue types (66). Furthermore, evidence 

suggests that TXNIP may be implicated in the pathogenesis of OA. For example, mice that 

received surgery to induce post-traumatic OA (via destabilization of the medial meniscus 

(DMM model)) displayed significantly enhanced levels of cellular TXNIP staining in 

cartilage when compared to sham controls (67), suggesting that TXNIP may play an 

important role in joint tissue homeostasis.

Importantly, overexpression of SIRT6 attenuated global Prx hyperoxidation in response to 

menadione treatment and decreased nuclear generated H2O2 generated chemogenetically. 

We hypothesize that these findings are due to SIRT6-mediated upregulation of nuclear Prx1 

and Srx and subsequent detoxification of nuclear generated or non-nuclear generated ROS. 

Prior evidence strongly suggests that NAD(P)H oxidase-4 (Nox4) is, at least partly, localized 

to the nuclear membrane and is an important source of nuclear superoxide generation in 

vascular endothelial cells that would likely contribute to ROS-induced damage (68). 

Although identification of the specific sources of nuclear ROS in chondrocytes were beyond 

the scope of this study, our findings suggest that targeted strategies aimed at restoring 

nuclear redox balance may be important for protecting against nuclear damage and 

activation of pro-catabolic signaling pathways. Indeed, SIRT6 overexpression reduced 

menadione-induced phosphorylation of cytoplasmic p65 and nuclear accumulation of 

phosphorylated p65 which represents the catalytic subunit of NF-κB implicated in 

upregulation of inflammatory pathways and cartilage degradation (69). Elsewhere, SIRT6 

has been shown to attenuate NF-κB-dependent gene expression in chondrocytes (20), 

although the specific mechanism(s) responsible have not been studied. However, active 
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SIRT6 has been shown to exert dynamic and specific control over NF-κB activation in 

various cell types by upregulating the expression of the NF-κB inhibitor, IkBα (70) and by 

deacetylation of H3K9 at the promoter regions of NF-κB target genes (71).

Our studies were conducted in articular chondrocytes in order to investigate SIRT6 in joint 

dysfunction and OA. An age-related increase in oxidative stress is recognized as a 

contributing factor in the development and progression of OA. Our prior in vivo and in vitro 
studies have demonstrated the importance of maintaining redox balance in chondrocytes, in 

part through modifying Prx levels, in order to decrease oxidative stress and associated 

cellular damage that contributes to OA (31,32). Our current findings extend these 

observations and suggest that SIRT6 may act as a critical regulator of antioxidant function 

through specifically modulating Prx1, Srx and TXNIP levels in both normal and OA 

chondrocytes. As we show that SIRT6 activity declines with age and in response to oxidative 

stress conditions associated with aging, we suggest that targeted approaches aimed at 

maintaining SIRT6 activity may represent an important therapeutic strategy to enhance 

antioxidant status, attenuate oxidative stress, and reduce catabolic signaling events 

associated with aging joint tissues. This could be specifically beneficial in OA, where an 

age-associated increase in oxidative stress conditions is hypothesized to play a key role in 

OA development and progression.
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Abbreviations:

BIAM biotinylated iodoacetamide

DAAO D-amino acid oxidase

D-ala D-alanine

DTT dithiothreitol

H3K9ac acetylated histone 3 lysine 9
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FAD flavin adenine dinucleotide disodium salt hydrate

HO-1 heme oxygenase-1

IAM iodoacetamide

LDH lactate dehydrogenase

menadione 2-methyl-1,4-naphthoquinone

NEM N-ethylmaleimide

NLS nuclear localization signal

NQO1 NAD(P)H Quinone Dehydrogenase-1

OA osteoarthritis

PBS phosphate buffered saline

Prx peroxiredoxin

Prx-SOH sulfenic acid

Prx-SO2H sulfinic acid

Prx-SO3H sulfonic acid

ROS reactive oxygen species

SIRT sirtuin

Srx sulfiredoxin

TBP TATA box binding protein

Trx thioredoxin

Trxr thioredoxin reductase

TXNIP thioredoxin interacting protein
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Highlights

• Age and oxidative stress levels of H2O2 decrease chondrocyte SIRT6 activity

• SIRT6 overexpression increases Prx1 and Srx levels, while decreasing TXNIP 

levels

• An age-associated decline in cartilage SIRT6 correlates with enhanced 

TXNIP levels

• SIRT6 overexpression decreases H2O2 generation and attenuates p65 

phosphorylation

• Maintenance of SIRT6 activity during aging may govern chondrocyte redox 

balance
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Figure 1. SIRT6 protein levels and gene expression are not altered by age or OA in primary 
human chondrocytes.
(A) Unstimulated primary human articular chondrocytes isolated from young (av age 29±7.7 

yrs), old (av age 66±3.9 yrs) and OA (av age 61±11.8 yrs) cartilage were subjected to 

immunoblotting for total SIRT6. Representative immunoblots from young, old and OA 

samples are shown. (B) Densitometric analysis showing chondrocyte SIRT6 protein levels 

from young (n=14), old (n=15) and OA (n=14) cartilage tissue. SIRT6 was normalized to β-

actin as a loading control. Quantified data is mean±SD showing individual data points from 

independent samples. Two-way ANOVA was used to test for differences between groups 

(NS = non-significant). (C) Basal SIRT6 gene expression measured by RT-qPCR in 

unstimulated articular chondrocytes derived from normal cartilage from adults aged 17-72 

yrs. (n=57). The lowest value was set to 1 and SIRT6 levels were normalized to YWHAZ as 

a housekeeping control. R2 and p-values from linear regression analysis are presented.

Collins et al. Page 24

Free Radic Biol Med. Author manuscript; available in PMC 2022 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. SIRT6 activity is altered by age and oxidative stress.
(A) Unstimulated confluent primary human chondrocytes isolated from young (42.14±2.8 

years) and old (70.85±5.6 years) cartilage were lysed and histones were extracted prior to 

immunoblotting for the acetylated form of H3K9 (H3K9ac) as an inverse marker of basal 

SIRT6 activity. Representative immunoblots from young and old chondrocytes are shown. 

(B) Densitometric analysis showing basal H3K9ac protein levels in young and old 

chondrocytes (n=7). H3K9ac was normalized to total histone 3 as a loading control. 

Unpaired t-test was used to test for statistical differences between age groups. (C) 
Recombinant human SIRT6 was treated in the presence or absence of 50 μM H2O2 or the 

SIRT6 inhibitor, EX527 (100 μM), for 15 mins and a deacetylation-based assay was used to 

measure recombinant SIRT6 activity. Data are expressed as percentage SIRT6 activity 

compared to control (recombinant SIRT6 alone) at 15 mins (n=3 independent experiments). 

One-way ANOVA was used to test for differences compared to control. (D) Chondrocytes 

were treated with varying concentrations of exogenous H2O2 (0-50 μM) for 30 mins and 

biotinylated IAM (BIAM) was used to affinity tag proteins containing a variety of thiol 

oxidative modifications (R-SOH, R-SS-R, R-SSG, R-SNO) followed by pull-down with 

streptavidin beads and immunoblotting for SIRT6. (E) Chondrocytes were treated with FN-f 

(1μM), menadione (25 μM) or DMNQ (25 μM) for 30 mins, and DCP-Bio1 was used to 

specifically affinity tag proteins containing R-SOH (cysteine sulfenic acid intermediate) 

followed by pull-down with streptavidin beads and immunoblotting for SIRT6 and Prx2. 

Data shown are representative blots from n=3 independent experiments. AhpC was used as a 

loading control in BIAM and DCP-Bio1 experiments. (Mena.; menadione). (F) Human 

chondrocytes were transduced with an empty vector control (ad-Null) or an adenoviral 

vector encoding SIRT6 (ad-SIRT6) for 48 hours. A representative immunoblot showing 

typical levels of SIRT6 overexpression from total cell lysates is shown along with 

quantification from n=27 donors. (G) Chondrocytes were treated with 25 μM menadione for 

0-30 mins to induce oxidative stress. Histones were extracted and immunoblotting for 

H3K9ac was used to assess SIRT6 activity levels. Representative immunoblots are shown. 

(H) Densitometric analysis from n=3 independent samples. H3K9ac protein levels were 
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normalized to total histone 3 as a loading control. Asterisks represent significant differences 

compared to controls (**, p<0.01). Two-way ANOVA was used to test for differences 

between highlighted groups.
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Figure 3. Effect of adenoviral overexpression of SIRT6 on basal antioxidant protein levels.
(A) Human articular chondrocytes were transduced with an empty adenoviral vector control 

(ad-Null) or an adenoviral vector encoding SIRT6 (ad-SIRT6) for 48 hours. Basal protein 

levels of Prx2, Prx3, Prx4, Prx6, Trx1, Trx2, HO-1, NQO1 and Nrf2 were assessed by 

immunoblotting. (B) Densitometric analysis from Prx2 (n=8), Prx3 (n=8), Prx4 (n=7), Prx6 

(n=7), Nrf2 (n=15), Trx1 (n=8), Trx2 (n=8), HO-1 (n=7), NQO1 (n=7), and Nrf2 (n=15) 

immunoblots. Representative immunoblots are shown. Total protein levels were normalized 

to β-tubulin as a loading control. SIRT6 immunoblots confirmed SIRT6 overexpression. 

Quantified data is mean±SD showing individual data points from independent samples. 

Paired t-tests were used to test for statistical differences between group
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Figure 4. Effect of adenoviral overexpression of SIRT6 on basal TXNIP, Prx1 and Srx levels in 
normal human articular chondrocytes.
(A) Human articular chondrocytes were transduced with an empty adenoviral vector control 

(ad-Null) or an adenoviral vector encoding SIRT6 (ad-SIRT6) for 48 hours. Basal protein 

levels of TXNIP, Prx1 and Srx from total cell lysates were assessed by immunoblotting. 

Representative results from two separate individuals are shown in panels A, D, and F. (B) 
Densitometric analysis from TXNIP (n=18), Prx1 (n=21) and Srx (n=7) immunoblots. Total 

protein levels were normalized to β-tubulin as a loading control. (C) Chondrocytes were 

transduced with ad-Null or ad-SIRT6 for 48 hours and basal TXNIP, Prx1 and Srx mRNA 

expression were quantified by RT-qPCR (n=6 independent samples). Human articular 

chondrocytes were transduced with ad-SIRT6 or ad-Null for 48 hours and nuclear fractions 
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(D,E) and cytoplasmic fractions (F,G) were isolated. Basal TXNIP (n=9), Prx1 (n=9), and 

Srx (n=6) were assessed by immunoblot. Nuclear protein levels were normalized to TBP and 

cytoplasmic protein levels were normalized to LDH. In all cases, representative 

immunoblots are shown. SIRT6 immunoblots confirmed SIRT6 overexpression. Paired t-

tests were used to test for statistical differences between groups.
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Figure 5. Effect of adenoviral overexpression of SIRT6 on basal TXNIP, Prx1 and Srx levels in 
OA human articular chondrocytes.
(A) Human OA articular chondrocytes were transduced with ad-Null or ad-SIRT6 for 48 

hours. Basal protein levels of TXNIP, Prx1 and Srx from total cell lysates were assessed by 

immunoblotting. (B) Densitometric analysis from TXNIP (n=11), Prx1 (n=11) and Srx 

(n=9) immunoblots. Total protein levels were normalized to β-tubulin as a loading control. 

In all cases, representative immunoblots are shown. SIRT6 immunoblots confirmed SIRT6 

overexpression. Paired t-tests were used to test for statistical differences between groups.
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Figure 6. Effect of Sirt6 deficiency on chondrocyte TXNIP and Prx1 protein levels.
(A) Paired femoral caps from Aggrecan-CreERT2; Sirt6fl/fl (Sirt6 loss) or Sirt6fl/fl (Sirt6 
intact) mice were treated with 4-Hydroxytamoxifen to activate Cre-mediated recombination 

ex vivo. Cell lysates were prepared and basal protein levels of TXNIP and Prx1 were 

assessed by immunoblotting. (B) Densitometric analysis from basal TXNIP and Prx1 

immunoblots (n=3). In all cases, total protein levels were normalized to β-tubulin as a 

loading control. SIRT6 immunoblots confirmed Sirt6 loss. Unpaired t-test was used to test 

for statistical differences between groups.
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Figure 7. TXNIP levels are increased in older human cartilage sections.
TXNIP levels in normal younger and normal older human knee cartilage tissue sections 

were evaluated by immunohistochemistry. Tissue sections were counterstained with 

hematoxylin. Human cartilage sections (n=3 independent samples) were macroscopically 

graded as described in ‘Experimental Procedures’. Younger tissues were from adults <50 

years old (mean age, 43.0±6.2 yrs.), and older tissues were from adults >65 years old (mean 

age, 73.3±4.6 yrs.). Scale bar, 100μM. Data are presented as percentage TXNIP stained cells 

for young and old cartilage sections. Unpaired t-test was used to test for statistical 

differences between groups.
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Figure 8. Adenoviral overexpression of SIRT6 attenuates menadione-induced Prx 
hyperoxidation and nuclear accumulation of phosphorylated p65 in human articular 
chondrocytes.
Human articular chondrocytes were transduced with an adenoviral vector encoding SIRT6 or 

an empty vector control for 48 hours and then treated with menadione (25 μM) for 0-30 

mins. (A) Cytoplasmic and nuclear fractions were isolated and Prx hyperoxidation was 

detected by reducing immunoblots with an antibody to PrxSO2/3. Representative 

immunoblots are shown and specific Prxs are labelled. (B) Densitometric analysis from 

cytoplasmic and (C) nuclear PrxSO2/3 immunoblots (n=4). Data are expressed as relative 

intensity compared to untreated empty vector controls. (D) Cytoplasmic and nuclear lysates 

were also immunoblotted with antibodies to phosphorylated and total p65. LDH (non-

nuclear protein) and TBP (nuclear protein) were immunoblotted for, in order to confirm 

successful cytoplasmic and nuclear separation. Immunoblots are representative results from 

n=6 independent samples. (E) Densitometric analysis from cytoplasmic and (F) nuclear 

phospho-p65 immunoblots. Asterisks represent significant differences compared to controls 

(**, p<0.01; ****, p<0.0001) (Two-way ANOVA). Two-way ANOVA was used to test for 

differences between time points.
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Figure 9. Generation and measurement of nuclear-localized H2O2 and oxidation events using the 
NLS-HyPer-DAAO construct in human chondrocytes.
(A) An adenoviral vector encoding NLS-HyPer-DAAO was transduced into human articular 

chondrocytes and activated with varying concentrations of D-alanine (2-10 mM) for 15 mins 

to generate nuclear H2O2. Representative fluorescent images of the response to 6mM D-ala 

from n=3 independent samples. Images are shown in two different colors for presentation 

purposes. (B) Plot of calculated ratios between fluorescence intensities recorded using FITC 

and CFP excitation filters in response to varying concentrations of D-ala. Data was 

normalized to the average value prior to the addition of D-ala (representative data from n=3 

independent samples). (C) Chondrocytes were treated with 6 mM D-ala for 0-60 mins prior 

to incubation in an NEM alkylating buffer to alkylate reduced thiols and cells were lysed in 

the presence of NEM. Under non-reducing conditions, immunoblotting for Prx1, Prx2 and 

Prx3 allowed for identification of Prx reduced monomers (labelled M on blots) and oxidized 

dimers (labelled D on blots). β-tubulin served as a loading control. (D) Densitometric 

analysis of D-alanine-induced Prx1, Prx2 and Prx3 dimer formation observed over the 60-

min time course. Individual data points from n=5 independent samples are shown. Asterisks 

represent significant differences compared to untreated controls (*, p<0.05; **; p<0.01; ***; 

p<0.001) (Two-way ANOVA). (E) Human chondrocytes were co-transduced with ad-NLS-

HyPer-DAAO and ad-Null or ad-SIRT6 vectors for 48 hrs. Plot of calculated ratios between 
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fluorescence intensities recorded using FITC and CFP excitation filters in response to 6 mM 

D-alanine. Data was normalized to the average value prior to the addition of D-ala 

(representative data from n=3 independent samples).
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