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ABSTRACT
Understanding how obesity-induced metabolic stress contributes to synovial joint tissue damage is difficult because of the complex
role of metabolism in joint development, maintenance, and repair. Chondrocyte mitochondrial dysfunction is implicated in osteoar-
thritis (OA) pathology, which motivated us to study the mitochondrial deacetylase enzyme sirtuin 3 (Sirt3). We hypothesized that
combining high-fat-diet (HFD)-induced obesity and cartilage Sirt3 loss at a young age would impair chondrocyte mitochondrial func-
tion, leading to cellular stress and accelerated OA. Instead, we unexpectedly found that depleting cartilage Sirt3 at 5 weeks of age
using Sirt3-flox and Acan-CreERT2 mice protected against the development of cartilage degeneration and synovial hyperplasia follow-
ing 20 weeks of HFD. This protection was associated with increased cartilage glycolysis proteins and reducedmitochondrial fatty acid
metabolism proteins. Seahorse-based assays supported a mitochondrial-to-glycolytic shift in chondrocyte metabolism with Sirt3
deletion. Additional studies with primary murine juvenile chondrocytes under hypoxic and inflammatory conditions showed an
increased expression of hypoxia-inducible factor (HIF-1) target genes with Sirt3 deletion. However, Sirt3 deletion impaired chondro-
genesis using a murine bone marrow stem/stromal cell pellet model, suggesting a context-dependent role of Sirt3 in cartilage
homeostasis. Overall, our data indicate that Sirt3 coordinates HFD-induced changes in mature chondrocyte metabolism that
promote OA. © 2022 The Authors. Journal of Bone and Mineral Research published by Wiley Periodicals LLC on behalf of American
Society for Bone and Mineral Research (ASBMR).
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Introduction

Obesity is a major risk factor for osteoarthritis (OA), and there is
increasing evidence that metabolic factors independently

contribute to OA pathogenesis.(1-3) Within cartilage, previous

studies link chondrocyte mitochondrial dysfunction and impaired
energy sensor systems (e.g., AMPK and sirtuins) to post-traumatic
and age-associated OA.(3-5) However, the extent to which these cel-
lular metabolic factors contribute to obesity-induced OA is not well
understood.(6) Prior studies, including our work on high-fat-diet
(HFD)-induced OA in mice,(7,8) associated an increase in dietary
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saturated fatty acids (FAs) to OA pathology and chondrocyte
stress.(9-11) Furthermore, single-cell RNA-sequencing (scRNA-seq)
analysis of cells isolated from osteoarthritic articular cartilage iden-
tified seven putative cell clusters, including a novel “effector chon-
drocyte” population characterized by steroid biosynthesis and FA
metabolism.(12) Altered cholesterol metabolism was also recently
implicated in OA pathology.(2)

One way in which HFDs cause cellular stress is through post-
translational hyperacetylation of mitochondrial proteins.(13,14) The
mitochondrial deacetylase enzyme sirtuin 3 (Sirt3) regulates the
acetylation status of hundreds of mitochondrial proteins, including
those regulating FA oxidation such as long-chain acyl-CoA dehy-
drogenase (ACADL).(13,15) We previously found that aging reduced
the cartilage protein content of SIRT3, resulting in hyperacetylation
and impaired activity of the mitochondrial antioxidant enzyme
SOD2 in F344/BN F1 hybrid rats.(16) Cartilage SIRT3 prot content also
declined with age in C57BL/6 mice, and Sirt3 knock-out (KO) mice
developed a modest increase in early OA pathology at 14 months
of age.(16,17) Therefore, we hypothesized that combining diet-
induced obesity and the loss of Sirt3 in cartilage at a young age
would impair chondrocyte mitochondrial function, leading to cellu-
lar stress and accelerated OA pathology.(13,15)

Methods

Additional detailed methods are provided in the supplemental
materials.

Animal study design

All animal studies were reviewed and approved by the AAALAC
International-accredited Institutional Animal Care and Use Commit-
tee at the Oklahoma Medical Research Foundation (OMRF). Mice
were group housed in a specific-pathogen-free facility under a con-
trolled environment (22 � 3�C on 14 h:10 h light/dark cycles) in
ventilated cages (≤5 animals/cage) with ad libitum access to chow
(Lab Diet 5053) and sterilized water. We tested our hypothesis by
conditionally deleting Sirt3 in the cartilage of mice at 5 weeks of
age and then fed mice a control (10% kcal fat; D12450Ji, Research
Diets) or HFD (60% kcal fat; D12492i) from 6 to 26 weeks of age
(Fig. 1A). At 24 weeks of age, body fatwasmeasured byquantitative
magnetic resonance (EchoMedical Systems), and glucose tolerance
testing was performed as previously described.(8) Acan-CreERT2(+/�)

and Sirt3-flox(F/F) mice(18) were bred to generate inducible cartilage
deficient mice (iC-Sirt3 KO), with littermate Acan-CreERT2-null mice
used as wild type (WT) controls. Sirt3-flox and Sox2-Cre mice were
bred to produce offspring with a germline loss-of-function muta-
tion in epiblast-derived cells (Sirt3 KO) for in vitro experiments. All
mice were C57BL/6J background.

Animal experiment sample sizes were based on power ana-
lyses for OA histopathology, our primary outcome. Using data
from prior studies in our lab, n = 9 animals per group was esti-
mated to provide 80% power to detect a 30% difference in mean
osteoarthritis research society international (OARSI) murine OA
histopathology scores at p = .05 (mean OARSI score of 1.0 and
standard deviation of 0.2). Primary cell in vitro experiments were
conducted on cells collected from a minimum of three animals.
For scRNA-seq experiments, cells were either pooled from three
animals (Experiment 1) or replicated three times using cells har-
vested from animals born in three separate litters (Experiment 2).
For chondrogenic pellet experiments, cells isolated from each
animal were tested in all three culture conditions, allowing for

a repeated-measures statistical design. Sample sizes for specific
experiments are noted in the figures.

Joint tissue processing and analyses

The left knee joint was processed for semi-quantitative OA histo-
pathology grading, as previously described.(8) Briefly, three coro-
nal sections spaced throughout the load-bearing region were
stained with hematoxylin, Fast Green, and safranin-O for blinded
grading of cartilage pathology (OARSI scoring), osteophyte
pathology, and synovial lining cell hyperplasia. The right knee
was used to harvest articular cartilage immediately following
death for RNA and protein isolation, as previously described.(8)

Briefly, cartilage pieces were frozen at minus 80�C in TRIzol™
(Invitrogen, USA) and then processed to generate approximately
1 μg of RNA with RNA Clean and Concentrator Columns (Zymo
Research, USA) per manufacturer’s protocol. Protein in the lower
organic phase fraction from the TRIzol™ extraction was pro-
cessed as previously described for mass spectrometry (MS).(8,16)

Gene expression was quantifiedwith a targeted FluidigmDELTA-
gene Assay (Table S1) conducted following manufacturer’s
instructions using a Fluidigm 96.96 Dynamic Array IFC and Bio-
mark HD instrument. RStudio with stats package was used to
compute delta-Ct values of target genes by subtracting the geo-
metric mean of Ct values of five reference genes (Actb, B2m,
Gapdh, Gusb, Hsp90ab1). Genotype and diet-specific effects on
gene expression were evaluated using log2-transformed vol-
cano plot comparisons and two-factor ANOVA. The abundance
of 113 proteins involved in cellular metabolism and redox
homeostasis was quantified usingMS selective reactionmonitor-
ing (SRM), as previously reported.(8,16) The geomean of two
protein-specific peptide areas was used for protein quantifica-
tion normalized to a bovine serum albumin (BSA) internal stan-
dard to determine the abundance. Femoral head (hip) cartilage
was isolated from 5-week-old WT and Sirt3 KOmice immediately
following death for gas chromatography (GC)–MS semi-targeted
metabolic profiling, as previously described.(19) Cartilage was
pooled from four animals per biological replicate, and five bio-
logical replicates were measured for each genotype. Metabolite
relative abundance was calculated by peak area normalized to
sample wet weight and internal standard (ribitol).(19)

Primary chondrocyte isolation and in vitro assays

Primary immature chondrocytes were isolated from knee epiph-
yseal cartilage of 6- to 8-day-oldmice following a previously pub-
lished protocol.(20) Cells were expanded in complete DMEM
medium (Life Technology, 10567014) supplemented with 10%
fetal bovine serum (FBS) and 1% penicillin/streptomycin (P/S).
Cells were reseeded for Seahorse-based metabolism assays,
in vitro stimulation experiments, or comparative scRNA-seq ana-
lyses. Seahorse assays were conducted as previously
described(21) using an XFe24 Analyzer (Agilent). Glycolytic rate
and mitochondrial stress assays were performed following man-
ufacturer’s instructions, withWT and Sirt3 KO cells tested in dupli-
cate on the same plate (duplicate values averaged). Cells were
harvested from eight to 15 animals per genotype, which were
generated from ≥3 litters per genotype. Data were normalized
to cell number. In vitro stimulation experiments were conducted
on passage 1 cells isolated from WT and Sirt3 KO animals and
challenged under three culture conditions: hypoxia (1% for
48 hours), interleukin-1β (IL-1β) (10 ng/mL for 24 hours; R&D Sys-
tems, #401-ML), and FAs (0.5 mM of 1:1 oleate:palmitate for
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(Figure legend continues on next page.)
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24 hours). Experiments were evaluated by gene expression using
previously described targeted Fluidigm DELTAgene Assay.

For scRNA-seq experiments, cells were isolated from littermate
8-day-old (n = 3) WT mice and expanded to approximately 90%
confluency over 7 days. Cells were released with Trypsin–EDTA,
and a single-cell suspension in 1X PBS with 1% BSA was added to
one well of the 10� chromium controller (10� Genomics, Pleasan-
ton, CA). A detailed description of the method is provided in the
supplemental materials. For the comparative scRNA-Seq analysis
between WT and Sirt3 KO cells, cryopreserved chondrocytes were
used from three separate litters per genotype. Two days prior to
the scRNA-seq experiments, one frozen cell pellet of each genotype
and sex (WT-M, WT-F, KO-M, KO-F) was thawed and expanded in
six-well culture plates. Cells were prepared essentially as previously
described, except for being released with Accutase. In addition,
each sample was labeled with a unique oligo hashtag (details in
supplemental methods) to enable pooling samples of each geno-
type and sex before adding them to a single well of the 10� chro-
mium controller. This was repeated three times for the final
comparative scRNA-Seq data set.

Single-cell capture, RNA sequencing, data analysis, and
visualization

Cell capture, cDNA generation, and library preparation were per-
formed using a Chromium Single Cell 30 v3 reagent kit following
the manufacturer’s instructions. The scRNA-seq library was run
on an Illumina NovaSeq S1 (initial WT analysis) or Illumina Nova-
Seq S4 (comparative analysis). Cell Ranger software was used to
demultiplex samples, process barcodes, align to the mouse
(GRCm38/mm10) genome assembly, and count single-cell
genes. For analyzing data obtained from cultured chondrocytes
pooled from three WT mice, the count matrix was imported into
RStudio, and subsequent analysis was performed using the Seu-
rat 3.2 package. For the comparative analysis between WT and
Sirt3 KO cryopreserved chondrocytes, the count matrices from
Cell Ranger were imported into Partek® Flow® software, version
10.0. After filtering based on quality assurance/quality control
parameters (Fig. S3), data were log2-normalized and scaled.
Highly variable features were selected by applying a variance
stabilizing transformation (vst), and the top 2000 of these fea-
tures were selected for downstream analyses. Dimensionality
reduction was performed using principal component analysis
(PCA), and an Elbow plot (in R Studio) or a Scree plot
(in Partek® Flow®) was used to determine the dimensionality of
the data set. A graph-based clustering approach (K-nearest-

neighbor) was used to cluster the cells, which were visualized
by Uniform Manifold Approximation and Projection (UMAP). Dif-
ferentially expressed genes (≥1.5-fold change or log2_Fc thresh-
old ≥ 0.6) with 5% false discovery rate (FDR)-corrected
significance (qFDR < 0.05) were determined by cluster or by
genotype and cluster for the comparative analysis. Predicted bio-
logical processes associated with over- or underrepresented dif-
ferentially expressed genes were evaluated using gene ontology
enrichment analysis.

Bone marrow stem/stromal cell isolation and cartilage
pellet culture model

Bone marrow stem/stromal cells (BMSCs) were isolated from the
hindlimbs of 6-week-old C57BL6J mice. A single-cell suspension of
BMSCs was cultured in DMEM with 10% FBS and 1% P/S, and only
cells that adhered after 3 hours were maintained with periodic
changes of freshmedium. Cultured BMSCs were then characterized
by flow cytometry and evaluated for multipotency using adipocyte,
osteocyte, and chondrocyte assays (Fig. S5). To generate cartilage
pellets, BMSCs from WT and Sirt3 KO mice were transferred to
MesenCult™-ACF Chondrogenic Differentiation Medium
(STEMCELL Technologies, #05455) with or without 1% BSA or
0.5 mM FA. Pellets were collected after 3–28 days of differentiation.
Pellet images were captured with a stereomicroscope (Nikon
SMZ800), and paraffin-embedded sections were stained with
safranin-O (Fig. S6). Sections were also immunostained with anti-
bodies for COL2 (abcam, ab185430), PRG4 (Millipore, AB2200),
SIRT3 (Cell Signaling Technology, 5490), and perilipin (Cell Signaling
Technology, 3470). Staining intensity and distribution throughout
the pellet were quantified by Zeiss Zen software (Fig. S7). For each
experiment, BMSCs were collected from separate animals to gener-
ate three biologically independent pellets (n = 3) tested in each
treatment group per time point.

Statistical analyses

Genotype and diet effects were evaluated by two-way ANOVA.
Data that did not meet test assumptions for homoscedasticity,
even after log transformation, were analyzed by Kruskal–Wallis
or Mann–Whitney tests. Tests showing a significant effect of diet
or genotype (p < .05) were followed up with multiple-
comparison post hoc tests to identify individual group differ-
ences as specified in figure legends. Differential gene expression
analyses were based on two-tailed Student’s t test of
log2-transformed data, with significance set at 1.5-fold change

(Figure legend continued from previous page.)
Fig. 1. Inducible cartilage deletion of Sirt3 (iC-Sirt3 KO) prevented the development of high-fat-diet (HFD)-induced cartilage pathology and synovitis in
malemice. (A) Mice were administered tamoxifen at 5 weeks of age and then fed either a defined control diet (10% kcal fat) or HFD (60% kcal fat) from 6 to
26 weeks of age. Glucose tolerance testing (GTT) was performed at 24 weeks of age, and mice were euthanized at 26 weeks. (B) Body mass, body fat, and
GTT outcomes across each diet and genotype group (AUC = glucose area under the curve). (C) Representative histological images of cartilage structure
from the lateral tibial plateau for each diet and genotype group. Open arrow shows representative cartilage lesion observed in WT-HFD animals. Scale
bar = 100 μm. (D) Representative histological images of osteophyte structure and synovium from the medial tibial plateau for each diet and genotype
group. Open arrow heads show osteophyte margins observed in HFD animals. Asterisk shows representative synovial hyperplasia observed in WT-HFD
animals. Scale bar = 100 μm. (E) Semi-quantitative OA pathology grading outcomes. The OARSI score represents cartilage pathology (0–6 score range),
averaged for four joint sites (medial/lateral, femur/tibia) in all sections. The osteophyte score (0–3 range) was evaluated for the medial tibia, averaged
for all sections. The synovitis score (0–1 range) shows the average for medial and lateral compartments from all sections. Individual animal data (malemice
only) are shown as closed circles. Boxes represent the 25th to 75th percentiles, the horizontal line indicates the median, and whiskers demonstrate max-
imum and minimum values. Two-way ANOVA p values provided in Table S2. Post hoc paired comparisons (p < .10) shown.
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(log2_Fc threshold of 0.6) and (p < .05). Gene ontology enrich-
ment analysis was based on cluster-specific genes that were
seen in at least 25% of the cells in the cluster and that showed
at least a 1.5-fold change with FDR-corrected statistical differ-
ence of qFDR < 0.05. Enrichment analyses were limited to
qFDR < 0.05 and prioritized based on a composite score combin-
ing qFDR and fold-enrichment values. PCA analysis were per-
formed using an online tool (https://scienceinside.shinyapps.io/
mvda/) built in an R environment. Chondrogenic pellet projected
cross-sectional area was analyzed by one-way ANOVA (culture
medium treatments) or two-way ANOVA (culture medium treat-
ments and genotype), with Tukey’s HSD post hoc analysis
(p < .05). Statistical tests utilized Prism 9.3.1 (GraphPad Software)
and JMP Pro 16.0.0 (SAS Institute).

Results

Cartilage Sirt3 depletion prevented HFD-induced cartilage
pathology and synovitis

To test whether Sirt3 deletion in cartilage would increase OA
pathology caused by feeding mice a HFD, we administered
tamoxifen to WT and iC-Sirt3 KO mice 1 week before initiating
diet treatments from 6–26 weeks of age (Fig. 1A). We evaluated
the extent of Sirt3 deletion by performing SIRT3 immunostaining
on joint tissues collected at the completion of the study. In male
mice, cartilage SIRT3 was significantly reduced, though not fully
absent, in iC-Sirt3 KO mice versus WT mice fed a control or HFD
(Fig. S1). However, in female mice, HFD treatment reduced carti-
lage SIRT3 staining such that cartilage SIRT3 was not different
between WT and iC-Sirt3 KO female mice fed a HFD (Fig. S1).
HFD-treated iC-Sirt3 KO female mice also gained less body mass
and body fat compared to WT mice (Fig. S2). Therefore, we
focused on results for male mice for the subsequent HFD animal
outcomes. HFD treatment substantially increased bodymass and
body fat to the same amount inWT and iC-Sirt3 KOmice (Fig. 1B).
Although fasting blood glucose was not elevated by HFD
treatment for either genotype, glucose tolerance was similarly
worsened by a HFD compared to the control diet for WT and
iC-Sirt3 KO mice (Fig. 1B). These results indicate that the Acan-
CreERT2 model used for inducible cartilage deletion of Sirt3 did
notmarkedly alter the systemicmetabolic response to HFD treat-
ment in male mice.

Diet-induced obesity significantly increased knee OA pathology
in WT mice (Fig. 1C,D), as shown by increased cartilage OARSI,
osteophyte, and synovitis scores in HFD versus control diet
(Fig. 1E, Table S2). OA scoring was not different between WT and
iC-Sirt3 KO fed a control diet. However, diet-induced obesity did
not increase OARSI and synovitis scores in iC-Sirt3 KO mice
(Fig. 1E), resulting in less cartilage and synovial pathology in iC-Sirt3
KO versus WT mice fed a HFD. Sirt3 depletion in cartilage did not
alter the development of osteophytes under either diet condition.

Cartilage Sirt3 depletion suppressed HFD-induced
changes in cartilage metabolic and inflammatory
biomarkers

To further evaluate the effects of Sirt3 depletion and HFD, we
screened cartilage isolated from the knee joints for changes in
the expression of genes involved in cartilage extracellular matrix
homeostasis, cellular stress, and metabolism (Tables S1 and S2)
(Fig. 2A). Sirt3 depletion reduced the expression of Nox4 and
Acan (Fig. 2B) and increased the expression of Rela and Casp1

(Fig. 2C) independently of diet. HFD upregulated the expression
of one gene, Angptl4, in both WT and iC-Sirt3 KO mice. Angptl4 is
a Pparδ target gene induced by FAs. However, like the cartilage
pathology outcome, we observed several genotype-dependent
effects of HFD on cartilage gene expression. Notably, HFD upre-
gulated several genes in WT mice only, including Cfb, Epas1, and
Map1lc3a (Fig. 2D). Cfb and Epas1 are inflammatory mediators
previously linked to OA.(22,23)

We next used targeted MS to analyze the protein isolated
from the same knee cartilage samples. This analysis revealed
numerous diet and genotype-dependent changes in the abun-
dance of proteins regulating metabolism and redox homeostasis
(Fig. 3A, Table S3). Cluster-based analysis of normalized protein
abundance data were grouped and visualized by heatmap. Clus-
ter I proteins were more abundant in iC-Sirt3 KO mice, especially
in the control diet condition. Pathway analysis showed these
proteins were significantly overrepresented in glycolysis, pen-
tose phosphate, and hypoxia-inducible factor-1 signaling path-
ways (Fig. 3B). Indeed, nearly all glycolysis enzymes were more
abundant in the cartilage of iC-Sirt3 KO versus WT under control
diet conditions (Fig. 3C). Cluster II proteins were more abundant
in HFD versus control diet conditions, and these proteins were
associated with FA metabolism, branched chain amino acid
degeneration, and tryptophan metabolism pathways (Fig. 3A,B).
However, the magnitude of this difference was less with Sirt3
depletion for several proteins critical for FA transport andmetab-
olism (e.g., CD36, FABP4, ACAA1, and CPT1A) (Fig. 3C). Cluster III
proteins were associated with tricarboxylic acid (TCA) cycle,
pyruvate metabolism, and glycolysis metabolism pathways and
were generally more abundant in iC-Sirt3 KO versus WT,
although the difference was less than in cluster I proteins. Few
significant differences due to diet or genotype were observed
in cluster IV proteins, which were associated with glutathione,
TCA cycle, peroxisome, and amino acid metabolism (Fig. 3A,B).
Overall, cartilage proteomic data suggest that Sirt3 depletion
resulted in amore glycolytic metabolic phenotype that was resis-
tant to HFD-induced shift toward FA metabolism.

Sirt3 deletion reduced chondrocyte oxidative
phosphorylation and increased glycolysis

Proteomic data predicted that cartilage Sirt3 deletion would
increase glycolysis and suppress a shift toward FA oxidation in
response to HFD. We took two approaches to functionally evalu-
ating the effects of Sirt3 deletion on chondrocyte metabolism.
First, we performed GC–MS metabolic profiling of cartilage har-
vested from the proximal femoral epiphysis (i.e., hip cap) of
5-week-old WT and Sirt3 KO mice. We recently described the
advantages of this optimized approach compared to in vitro
models for characterizing cartilage metabolism.(19) Principal
component (PC) analysis of the relative abundance levels of
detected metabolites showed genotype-dependent clustering
of samples across PC1, which accounted for approximately 70%
of the data variance (Fig. 4A). We next compared the relative
abundance values of the 12 most influential metabolites contrib-
uting to PC1, which were primarily nitrogen-based metabolites
and TCA cycle intermediates. This comparison showed that most
metabolites were less abundant in cartilage from Sirt3 KO mice
compared to WT mice (Fig. 4B, Table S4).

Next, we compared cellular metabolic rates in primary juve-
nile chondrocytes isolated from WT and Sirt3 KOmice using Sea-
horse XF assays. Basal proton efflux rate, a measure of glycolysis,
was nearly 40% faster in Sirt3 KO cells versus WT cells (p = .038)
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(Fig. 4C,D). Conversely, basal oxygen consumption rate, a mea-
sure of mitochondrial oxidative phosphorylation, was 25%
slower in Sirt3 KO cells versus WT cells (p = .032) (Fig. 4E,F).
ATP-linked oxygen consumption rate was similarly slower in Sirt3
KO cells (p = .038), indicating that Sirt3 deletion reduces mito-
chondrial energy production in chondrocytes. This reduction in
mitochondrial respiration with Sirt3 deletion does not appear
to be due to impaired electron transfer as the rate of proton leak
was not elevated in Sirt3 KO cells (Fig. 4E,F). Together, the GC–MS
and Seahorse data indicate that Sirt3 deletion alters chondrocyte
metabolism.

Sirt3 deletion increased gene response to hypoxia and
IL-1β

To evaluate the potential mechanisms by which Sirt3 deletion
alters chondrocyte function, we measured the expression of
genes involved in cartilage extracellular matrix homeostasis
and metabolism in primary juvenile chondrocytes isolated from
WT and Sirt3 KO. We challenged the cells by culturing them
under various physiologic stress conditions, including hypoxia,
IL-1ß, and FAs. Compared to basal conditions, these stressors
altered the expression of most anabolic and catabolic cartilage
matrix genes (Fig. 5A,B). However, Sirt3 deletion had minimal
effect on these transcriptional responses. We instead observed

effects of Sirt3 deletion on the expression of genes regulating
growth factors and transcription. Sirt3 deletion increased Sox9
expression under hypoxia and Ppargc1a under FAs (Fig. 5C). Sim-
ilarly, Bmp2 and Tgfbr1 were expressed at greater levels in Sirt3
KO cells versus WT with IL-1ß challenge (Fig. 5C). Hypoxia induc-
ible factor (HIF)-1a binds to the Sox9 promoter to regulate Sox9
expression,(24) and IL-1ß stabilizes HIF-1a in human chondro-
cytes.(25) We found that Hif1a expression was greater in Sirt3
KO cells following IL-1ß challenge (Fig. 5D). Moreover, hypoxia-
responsive genes Ldha, Pfkl, and Vegfawere expressed at greater
levels in Sirt3 KO cells under both hypoxia and IL-1ß challenge
conditions (Fig. 5D).

Single-cell RNA sequencing identified Sirt3+ chondrocyte
population within a heterogeneous primary murine
cartilage cell culture model

A common primary cell model used for investigating chondro-
cyte function in vitro involves isolating cartilage cells from the
distal femur and proximal tibia epiphyses of mouse pups 6–
8 days after birth. This method, generally referred to as the juve-
nile murine chondrocyte culture model,(20) utilizes P0 or P1 cells
cultured in monolayer and expanded to confluency. We used
this model with cells isolated from WT and Sirt3 KOmice to gen-
erate the data shown in Figs. 4C–F and 5. However, in preliminary

Fig. 2. Inducible cartilage deletion of Sirt3 (iC-Sirt3 KO) reduced the effect of a HFD on the upregulation of proinflammatory and metabolic genes. Differ-
ential gene expression was evaluated for diet- and genotype-dependent effects in cartilage harvested from WT and iC-Sirt3 KO mice fed a control diet or
HFD from 6 to 26 weeks of age. Samples were evaluated across a custom-designed panel of 90 genes involved in cartilage extracellular matrix homeo-
stasis, cellular stress, and metabolism (Table S1). (A) Genotype and diet effects were evaluated individually using log2 transformed volcano plot compar-
isons. Labeled genes have a p < .05 and log 2-transformed differential expression value �0.68 (1.5-fold change). Genes with (B) downregulated or (C)
upregulated expression in cartilage from iC-Sirt3 KO mice compared to WT mice fed a control or HFD. (D) HFD-induced changes in cartilage gene expres-
sionwere primarily observed inWT animals. Gene expression data normalized to the average value of theWT control diet samples for each gene. Two-way
ANOVA p values provided in Table S2. Post hoc paired comparisons (p < .10) shown.
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Fig. 3. Inducible cartilage deletion of Sirt3 (iC-Sirt3 KO) increased glycolytic enzyme protein abundance and suppressed HFD-induced increase in FA
metabolism proteins in cartilage. Protein abundance was measured by selected reactionmonitoring (SRM) mass spectrometry in cartilage harvested from
WT and iC-Sirt3 KOmice fed a control diet or HFD from 6 to 26 weeks of age. The targeted panel included 113 proteins involved in cellular metabolism and
redox homeostasis (Table S3). (A) Heat map of log-transformed protein abundance values normalized to the median, across all diet and genotype condi-
tions. Proteins were grouped in clusters based on Euclidean distance dissimilarity matrix and partitioning around the medoids algorithm. Cluster number
(I–IV) determined by silhouette algorithm. Two-way ANOVA outcomes indicated at right margin for each protein as follows: closed circle (p < .05 for geno-
type), open circle (p < .05 for diet), bullseye (p < .05 for interaction). (B) Top significant predicted pathways (qFDR < 0.05) associated with proteins in each
cluster based on pathway analysis performed using STRING database over Kyoto Encyclopedia of Genes and Genomes background. (C) Cartilage protein
abundance data for WT and iC-Sirt3 KO mice fed a control diet or HFD. Data normalized to average value of WT control diet samples for each protein.
Protein abundance and two-way ANOVA p values for all proteins provided in Table S3. Post hoc paired comparisons (p < .10) shown.
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Fig. 4. Sirt3 deletion altered the abundance of numerous metabolites and promoted a mitochondrial to glycolytic shift in chondrocyte metabolism.
(A) Principal component (PC) analysis of relative metabolite abundance measured by GC–MS semi-targeted metabolic profiling of femoral head (hip) car-
tilage from WT (blue) and Sirt3 KO (red) 5-week-old mice (Table S4). Each point is an independent biological replicate consisting of cartilage pooled from
four animals. (B) Relative abundance of the 12 most influential metabolites contributing to the first PC. Post hoc paired comparisons (p < .10) shown.
(C) Representative proton efflux rate (PER) data for seahorse XF glycolytic rate assay comparing primary juvenile chondrocytes isolated from WT (black)
and Sirt3 KO (red)mice tested on the same plate. Each “x” symbol is the average value of technical duplicates, and lines connect data from the same donor.
“a” indicates addition of Rot/AA and “b” addition of 2-DG, as per manufacturer’s protocol. (D) Summary of glycolytic rate assay results comparing WT and
Sirt3 KO cells. Each point represents the average of two technical replicates from cells isolated from separate animals. (E) Representative oxygen consump-
tion rate (OCR) data for seahorse XF cell Mito stress test assay comparing primary juvenile chondrocytes isolated from WT and Sirt3 KO mice tested on
same plate. “a” indicates addition of oligomycin, “b” addition of FCCP, and “c” addition of Rot/AA, as per manufacturer’s protocol. (F) Summary of Mito
stress test assay results comparing WT and Sirt3 KO cells. Post hoc paired comparisons (p < .10) shown.
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experiments, we isolated cells from iC-Sirt3 KO mice
(i.e., Sirt3fl/flAcan-CreERT2) and were only able to attain a 50%
reduction in SIRT3 protein and gene expression after dosing
cells with 4-Hydroxytamoxifen (data not shown). These results
suggested that only half of the cells may be considered
mature chondrocytes. Therefore, we used scRNA-seq to tran-
scriptionally characterize the heterogeneity of WT cartilage
cells generated with this model.

Transcriptional heterogeneity was visualized by UniformMan-
ifold Approximation and Projection (UMAP) analysis, which
showed one large contiguous cellular cluster and a small non-
contiguous cluster. We next evaluated the distribution of Col1a1
and Col2a1 expression, which revealed a roughly equal and non-
overlapping division of cells expressing these genes within the
large contiguous group of cells (Fig. 6A). Based on the UMAP dis-
tributions and division of Col1a1 and Col2a1 expressing cells, we

Fig. 5. Sirt3 deletion increased gene expression response to hypoxic, inflammatory, and FA conditions. Primary juvenile chondrocytes were isolated from
the hindlimb epiphyses of postnatal 6- to 8-day-old WT and Sirt3 KOmice cultured�1% hypoxia, 10 ng/mL IL-1β, or 0.5 mM FAs. Data presented as fold-
change gene expression normalized to the basal culture condition (dashed line) using the delta–delta Ct method. Results shown for (A) cartilage matrix
genes, (B) proinflammatory and procatabolic genes, (C) genes regulating growth factors and transcription, and (D) hypoxia response element target
genes. Note, Col2a1 data did not pass quality control standards for the FA culture experiment and are not reported. #p < .05 versus genotype-matched
basal culture condition. Bars and p values indicate paired comparisons (p < .10) between WT and Sirt3 KO cells. Individual cell donor data are shown as
closed circles. Boxes represent 25th to 75th percentiles, the horizontal line indicates the median, and whiskers indicate maximum and minimum values.
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set the k.parameters value to [(6453/3) � 1] to refine nearest-
neighbor parameters for cluster analysis. This approach gener-
ated three clusters, which we defined as C1 (47% total), C2

(36% total), and C3 (17% total) (Fig. 6B). We compared the
expression patterns of sirtuins 1–7 across each of the three cell
clusters (Fig. 6C). Sirt2 showed the most robust expression

(Figure legend continues on next page.)
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among all the sirtuins and was greatest in cluster C1, followed by
C3. Notably, the only sirtuin that was expressed in cluster C2 was
Sirt3. Moreover, Sirt3 expression was negligible in clusters C1
and C3.

To characterize these clusters, we evaluated the expression
pattern of select genes based on in vivo studies of limb and joint
development, including a study using scRNA-seq.(26) Ptprc, the
gene encoding the hematopoietic stem cell-derived cell surface
protein CD45, was negligibly expressed across all clusters
(Fig. 6D). Next, we compared Prrx1, Pitx1, and Shox2. These genes
are largely expressed by mesenchymal progenitor and chondro-
progenitor cells at the early stage of limb development
(E12.5).(26) Prrx1 and Pitx1 were strongly expressed in C1 and, to
a lesser extent, C3. In contrast, Shox2 was primarily expressed
in C2 and, to a lesser extent, C3. Other genetic markers of chon-
droprogenitor cells, such as Gdf5 and Prg4, were expressed in a
small fraction of cells present in C2 and C1, respectively
(Fig. 6D). Genes associated with mature articular chondrocytes
(Sox9, Col2a1, Col9a1, Col11a1, and Acan) were most strongly
expressed in the C2 cluster (Fig. 6D). In contrast, genes associ-
ated with articular fibrous capsule and meniscus-fated cells
(Col1a1, Col3a1, Lgals1, and Dcn)(26) were more highly expressed
in C1 and C3, except for Dcn (Fig. 6D). Genes associated with
hypertrophic chondrocytes (Col10a1, Mmp13, and Spp1) were
most enriched in the C3 cluster. The small noncontiguous popu-
lation of mostly C1 cells in the lower left quadrant of the UMAP
projection (Fig. 6B) were identified as actively dividing cells due
to cell cycle gene enrichment (Top2a, Cenpf, and Pclaf ).

We conducted gene ontology analysis using pairwise cluster-
specific differential gene expression (Table S5) to identify enriched
biological processes for each cluster (Fig. 6E). The C1 cluster was pri-
marily characterized by extracellular matrix organization, with addi-
tional processes including collagen fibril organization and
mesenchymal cell proliferation. Cluster C2 was primarily character-
ized by chondrocyte differentiation and cartilage development pro-
cesses. Finally, C3 was enriched for ossification-related genes
compared to C1 and C2. Thus, gene ontology enrichment analysis
indicates that the primary monolayer culture model of juvenile
chondrocytes contains cells related tomesenchymal progenitor cell
function and extracellular matrix organization (cluster C1), cells with
clear chondrogenic characteristics (cluster C2), and chondrocyte-like
cells with an ossification and mineralization phenotype (cluster C3).
Notably, this cellular heterogeneity also appears to extend to meta-
bolic heterogeneity based on the cluster-specific expression pat-
terns of genes involved in the central metabolic pathways of
glycolysis, the TCA cycle, FA oxidation, and amino acid catabolism
(Fig. S4).

Sirt3 deletion reduces expression of ER-associated
degradation pathway genes in mature chondrocytes

To characterize the effect of Sirt3 deletion specifically in
mature chondrocytes, we conducted a second set of scRNA-
seq experiments to compare WT and Sirt3 KO cells. Cryopre-
served passage 1 cells were used for these experiments so
that genotype- and sex-specific donor cells isolated from
three separate litters could be labeled with unique oligo
hashtags and simultaneously loaded in the 10� Chromium
Controller. UMAP visualization of transcriptional heterogene-
ity showed one large contiguous cellular cluster (clusters A
[50% total] and B [33% total]) and a moderate noncontiguous
cluster defined as cluster C [17% total] (Fig. 7A). Cluster A
gene expression patterns align with mature chondrocyte
genes, like cluster 2 in the prior analysis (Fig. 7B). Conversely,
cluster B gene expression patters correspond to genes associ-
ated with articular fibrous capsule and meniscus-fated cells
(Fig. 7B). However, unlike the prior experiment using P0 cells,
the third cluster in this experiment (cluster C) corresponds to
a relatively larger proportion of actively dividing cells
(Fig. 7B).

Cells isolated from WT and Sirt3 KO animals were evenly dis-
tributed throughout the UMAP plot and across each cluster
(Fig. 7C,D). The proportions of cells in each cluster were not dif-
ferent between male and female donors from either genotype
(data not shown). We next performed a gene set enrichment
analysis (GSEA) based on differentially expressed genes
between all Sirt3 KO andWT cells. Gene Ontology (GO) sets with
the highest enrichment scores were associated with the extra-
cellular matrix and collagen metabolic processes, whereas the
GO sets with the lowest enrichment were associated with
endoplasmic reticulum (ER) stress and the ER-associated degra-
dation (ERAD) pathway (Fig. 7E). We next focused on Sirt3-
dependent effects specifically in mature chondrocytes by per-
forming a volcano plot analysis of differentially expressed
genes between Sirt3 KO and WT cells only from cluster A
(Fig. 7F). Sirt3 deletion increased the expression of 19 genes
and decreased the expression of 16 genes compared to WT
cells. To understand the potential functional relevance of these
differentially expressed genes, we performed a GO enrichment
analysis. This analysis indicates that the loss of Sirt3 in mature
chondrocytes alters genes associated with ER stress, the ERAD
pathway, and collagen-containing extracellular matrix
(Fig. 7G). Notably, ERAD pathway activity is necessary for carti-
lage development, and disruption of genes in this pathway
impairs chondrogenesis.(28)

(Figure legend continued from previous page.)
Fig. 6. Single-cell RNA sequencing revealed a Sirt3+ chondrocyte population within a heterogeneous primary cartilage cell model. P0 primary juvenile
murine chondrocytes were isolated fromWTmice and expanded in monolayer for 4 days in vitro prior to single-cell barcoding and sequencing. 7945 cells
were captured for sequencing with a median unique molecular identifier (UMI) count of 25,544 per cell and a median of 4703 genes detected per cell.
Based on technical and biological parameters, we excluded from further analysis cells with <1.5% or >5% of UMI counts attributed tomitochondrial genes
and <2500 or >7500 total detected genes, resulting in a final analysis of 6453 cells (Fig. S3). (A) UMAP projection of 6453 cells based on transcripts of the
top 2000 most variably expressed genes. Col1a1 and Col2a1 expression was nearly equal and nonoverlapping. (B) K-nearest neighbor and Louvain clus-
tering algorithmgenerated three cellular subclusters, defined as C1, C2, and C3. Figure legend includes cluster-specific total cell number and percent total.
(C) Cluster-specific expression of sirtuin genes (Sirt1–7). (D) Cluster-specific expression of genes includes markers of hematopoietic stem cell–derived cell
populations (Ptprc), limb and joint development (Prrx1 through Spp1), and the cell cycle (Top2a, Cenpf, and Pclaf ). Dot size corresponds to percentage of
cells in which the gene is detected in the cluster. Color of dot indicates mean expression, including cells in which expression was not detected. (E) Top
enriched biological process based on gene ontology analysis of pairwise differential gene expression comparisons between each subcluster (Table S5).
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Sirt3 deletion impairs BMSC model of chondrogenesis
with minimal effect of exogenous FAs

To further investigate the effect of Sirt3 deficiency on chondro-
genesis, we utilized an in vitro BMSCmodel of chondrogenic pel-
let growth.(27) Pellets matured into cartilaginous spheroids over
the course of 28 days (Fig. S6). We characterized the features of
chondrocyte maturation by immunostaining for the mature
chondrocyte marker COL2 and the chondrocyte progenitor cell
marker PRG4 between 3 and 28 days of culture (Fig. S7). We then
compared these spatiotemporal patterns to SIRT3 staining
(Fig. S8). SIRT3 was detected throughout the pellet at Day 10.
The intensity of SIRT3 staining increased from the center to the
edge, like PRG4 at this timepoint. However, by Day 28, SIRT3
staining was restricted to the central two-thirds of the pellet. This
staining pattern, which was like that observed for COL2 at this
timepoint, resulted in minimal overlap with PRG4. Thus, as with
the scRNA-seq data showing that Sirt3 expression mainly
occurred in primary chondrocytes expressing Col2a1, the BMSC
pellet model of chondrogenesis also showed spatiotemporal
alignment of SIRT3 and COL2 staining.

Based on our in vivo findings showing a HFD-dependent
effect of Sirt3 deletion on cartilage degradation, we tested for
an interaction of Sirt3 deletion and elevated FA on chondrogen-
esis. We first tested whether exogenous FA altered chondrogen-
esis using WT BMSCs. Between Days 7 and 14 of culture, the
medium for two pellets from each donor was supplemented
with 500 μM FA or BSA vehicle, and a third pellet was kept in
the control culture medium (Fig. 8A,B). All pellets were returned
to the control culture medium between Day 14 and Day 21.
The 7- to 14-day treatment period was selected because this
was a time when COL2 production substantially increased, and
the pellets developed distinct inner and outer zones. We con-
firmed that FA treatment increased lipid droplet formation in
the pellets as shown by increased perilipin staining (Fig. 8A).
However, FA treatment did not alter pellet size or safranin-O
staining intensity (Fig. 8A,C). Pellets subjected to FA and BSA
treatments also showed similar growth and safranin-O staining
compared to the control pellets (Fig. 8A,C).

To test for an interaction between elevated FA and Sirt3 dele-
tion on chondrogenesis, FA and BSA vehicle treatments were
applied to BMSCs harvested from WT and Sirt3 KO mice from
Day 7 to 14 (Fig. 8D). However, unlike the prior experiment, pel-
lets were collected at Day 14 to verify that an acute effect of FA
treatment was not missed in the first experiment. The results

confirmed that neither FA nor BSA vehicle treatment altered pel-
let sizes, even when collected immediately after treatment
(Fig. 8D,E). Overall, cartilage pellets generated from Sirt3 KO
BMSCs were smaller than WT-derived pellets under all culture
conditions (genotype effect, p = .0448; Fig. 8E). The genotype
effect was greatest in the FA treatment condition (p = .0002)
(Fig. 8E). Pellets generated from Sirt3 KO BMSCs were also frag-
mented compared to WT pellets. Based on these changes in car-
tilage pellet size and integrity, we evaluated the distribution of
PRG4 positive cells as a marker of chondroprogenitor cells. In
WT pellets, the intensity of PRG4 positive staining increased from
the center to the outer edge, forming a ringlike staining pattern
along the surface (Fig. 8D,F). However, in Sirt3 KO pellets, PRG4
positive staining remained distributed throughout the pellets
and a surface layer of PRG4 positive cells was absent. FA treat-
ment did not alter the pattern of PRG4 staining in either WT or
Sirt3 KO pellets (Fig. 8F).

Discussion

Our study on the loss of the mitochondrial deacetylase enzyme
Sirt3 in BMSCs, immature cartilage chondrocytes, and mature
cartilage provides new evidence linking chondrocyte metabolic
regulation and cartilage homeostasis during development and
in adulthood. We hypothesized that the combination of HFD-
induced obesity and loss of cartilage Sirt3 at a young age would
impair chondrocyte mitochondrial function, leading to cellular
stress and accelerated OA pathology. Instead, we unexpectedly
found that depletion cartilage Sirt3 at 5 weeks of age using
Acan-CreERT2 mice protected against the development of carti-
lage degeneration and synovial hyperplasia following 20 weeks
of HFD. Negligible differences in joint structure were observed
between WT and cartilage Sirt3-depleted mice fed a control diet.
The protection against HFD-induced changes was associated
with greater levels of cartilage glycolytic enzyme proteins com-
pared to WT mice. Furthermore, the HFD-induced upregulation
of FA transport and metabolism proteins observed in WT mice
was suppressed with cartilage Sirt3 depletion. Consistent with
these findings, Sirt3 deletion increased the rate of glycolysis
and reduced the rate of oxidative phosphorylation in primary
juvenile murine chondrocytes. In a developmental context, Sirt3
deletion reduced cartilage growth using a BMSC cell pellet
model of chondrogenesis, and the loss of Sirt3 reduced the
expression of ERAD pathway genes in chondrocytes. Sim and
colleagues recently reported that ERAD pathway activity was

(Figure legend continued from previous page.)
Fig. 7. Sirt3 deletion reduces expression of ER-associated degradation pathway genes in mature chondrocytes. Cryopreserved passage 1 (P1) primary
murine juvenile chondrocytes were isolated from WT and Sirt3 KOmice and prepared for single-cell RNA sequencing. (A) UMAP projection of 16,469 cells
based on transcripts of the top 2000 most variably expressed genes. Graph-based clustering using Louvain clustering algorithm generated three cellular
subclusters, defined as cA, cB, and cC. Figure legend includes cluster-specific cell number and percent total. (B) Cluster-specific expression of genes
includes markers of limb and joint development (Prrx1 through Spp1), and the cell cycle (Top2a, Cenpf, and Pclaf ). Dot size corresponds to percentage
of cells in which the gene is detected in the cluster. Color of dot indicatesmean expression, including cells in which expression was not detected. (C) UMAP
projection of 16,469 cells colored by genotype (WT: black; Sirt3 KO: red). (D) WT and Sirt3 KO cells categorized by cluster and expressed as a percentage of
total cells for each donor. Data from individual donor animals shown as closed circles. Boxes represent 25th to 75th percentiles, the horizontal line indi-
cates median, andwhiskers indicatemaximum andminimum values. Each symbol represents amale or female donor from three separate litters per geno-
type. (E) Gene set enrichment analysis (GSEA) showing gene ontology (GO) gene sets with the three highest and three lowest enrichment scores for
differentially expressed genes between Sirt3 KO andWT cells. (F) Volcano plot of 35 differentially expressed genes (Sirt3 KO versus WT) specific to cA cells.
Upregulated (red) and downregulated (blue) genes are identified (p < .05 and fold-change >1.3). (G) GSEA enrichment score plot of gene groups overrep-
resented in cA cells based on Sirt3 KO versus WT differential gene expression analysis.
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necessary for cartilage development, and disruption of genes in
this pathway impaired chondrogenesis.(28) Despite these obser-
vations, compensatory mechanisms likely exist to overcome
the impact of Sirt3 deletion on skeletal development as Sirt3 KO

mice are indistinguishable from young adult (<6-month-old)
WT littermates in terms of bodymass, long-bone length, and cor-
tical and trabecular bone mass at the femur and spine.(29) In con-
trast, the loss of Sirt3 from cartilage during early adulthood

Fig. 8. Sirt3 deletion impairs chondrogenesis in a bone marrow stem/stromal cell (BMSC) pellet model with minimal effect of exogenous FAs. Cell pellets
were cultured in chondrogenic differentiation medium �1% BSA control or 500 μM FA for up to 21 days. (A) Representative macroscopic image pellets
(first panel, scale bar = 500 μm), safranin-O staining of histological section (middle panel, scale bar = 100 μm), and immunofluorescent staining for lipid
droplet membrane protein, perilipin (third panel). Note the increase in perilipin staining in the FA-treated sample. (B) Treatment timeline. Between Days
7 and 14 of culture, two pellets from each donor were supplemented with either 500 μM FA or 1% BSA vehicle, and a third pellet was kept in the control
culture media. All pellets were then returned to control media from day 14 to 21. (C) Quantification of projected two-dimensional (2D) pellet area calcu-
lated frommacroscopic image, as shown in panel A. Values=mean � SD. (D) 3D chondrogenic pellets fromWT or SIRT3 KO donor BMSCs treated with 1%
BSA vehicle or 500 μM FA. Macroscopic image (first panel, scale bar = 500 μm), safranin-O staining (middle panel, scale bar = 100 μm), and immunoflu-
orescent staining for PRG4 (third panel, yellow square indicates magnified region shown in image to right.). (E) Quantification of projected 2D pellet area
calculated from macroscopic images shown in panel D. Values=mean � SD. (F) Quantification of PRG4 fluorescence intensity from center (0%) to edge
(100%) of pellet for each treatment. PRG4 staining was reduced in outer edge of SIRT3 KO pellets, especially at pellet surface (see panel D).
Values = mean � SEM.
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resulted in sustained differences in cartilage metabolic enzymes
up to 26 weeks of age, which we showed are associated with
protection against the development of HFD-induced OA.

Themost important finding of this study is that Sirt3 depletion
in cartilage protects, rather than aggravates, HFD-induced
OA. This is important because previous evidence supported only
a chondroprotective role for Sirt3. Prior research showed that
Sirt3 limited oxidative stress, improvedmitochondrial DNA integ-
rity, and supported mitochondrial function in chondro-
cytes.(16,17,30) Furthermore, one of the primary deacetylation
targets of Sirt3 is the mitochondrial antioxidant enzyme Sod2,
whose function is impaired in age-associated and post-traumatic
models of OA. However, as we recently reviewed, few studies
have evaluated the contribution of these or other cellular meta-
bolic and redox regulatory mechanisms in obesity-associated
models of OA, especially those that exclude joint trauma.(6)

Our data suggest that the initiating mechanism of HFD-
induced OA may be distinct from aging and trauma-related
processes. For example, we observed minimal changes in
redox-associated transcripts and proteins. Rather, HFD signifi-
cantly altered cellular metabolism pathways in cartilage by upre-
gulating FA transport and metabolism proteins, consistent with
our prior findings.(8) Lipid and cholesterol metabolism had been
previously tied to cartilage degeneration through the nuclear
receptors peroxisome proliferator-activated receptor δ and reti-
noic acid-related orphan receptor alpha, respectively.(2,31,32) Sirt3
is a positive regulator of FA oxidation.(13) Thus, one potential
explanation for protection resulting from the depletion of Sirt3
in cartilage is that it suppresses HFD-induced intracellular lipid
transport and associated metabolic signaling.

An additional metabolic consequence of Sirt3 depletion was
the upregulation of glycolysis and glycolytic enzyme abun-
dance. Chondrocytes are well characterized for utilizing glycol-
ysis to produce most cellular ATP,(3) and our scRNAseq analysis
of primary juvenile murine chondrocytes showed that glyco-
lytic enzymes were most highly expressed in mature chondro-
cytes compared to other osteochondral progenitor cells. HIF-
1a signaling promotes glycolysis, and the loss of Sirt3 was pre-
viously reported to stabilize HIF-1a in breast cancer cells.(33)

Our analysis of the expression of HIF-1a target genes under
hypoxic and inflammatory conditions was consistent with
increased HIF-1a signaling in Sirt3 deficient chondrocytes. We
recognize, however, that enhanced glycolysis is not always
chondroprotective. Arra and colleagues recently reported that
an inflammation-inducedmetabolic shift toward glycolysis pro-
moted the production of reactive oxygen species and cartilage
catabolism.(34) Thus, our findings suggest it is prudent to con-
sider the molecular mechanisms and physiological context
when evaluating whether a particular metabolic phenotype is
chondroprotective or damaging.

An intriguing finding from our scRNA-seq profiling analyses
was the diversity of cell types within the standard juvenile
murine chondrocyte culture model.(20) We were surprised that
only 36%–50% of the cells in this model expressed mature chon-
drocyte genes, whereas other cells expressed genetic markers of
limb mesenchymal progenitor cells, chondroprogenitor cells,
and osteochondral cells. Despite the limitations of this in vitro
culture model, our results support several relevant conclusions.
First, among the sirtuins, only Sirt3 was primarily expressed
within the mature chondrocyte population. This supports our
focus on Sirt3 in mature chondrocytes, and it suggests that Sirt3
functions more in differentiated chondrocytes than chondropro-
genitor cells. Second, the similarity in cell cluster proportions

between cartilage cells isolated from WT and Sirt3 KO mice sug-
gests that Sirt3 does not modify the differentiation potential of
progenitor cells to becomemature chondrocytes in the develop-
ing joint. However, this does not rule out the potential for Sirt3 to
modify progenitor cell viability, differentiation capacity, or
migration within adult cartilage. Our in vitro screening experi-
ments involving hypoxia, IL-1ß, and FA challenges did not reveal
any obvious effects of Sirt3 loss on the expression of catabolic
gene networks, although these assays were not specific to the
mature chondrocyte population. Future research on how Sirt3
modifies cartilage regenerative capacity and chondrocyte-specific
catabolic processes, including apoptosis and senescence, may
uncover additional Sirt3-dependent processes relevant to OA
pathogenesis.

Our findings reinforce a cell-specific and age-dependent role
for Sirt3 in skeletal homeostasis. In vitro studies of isolated BMSCs
and primary murine calvarial osteoblasts indicate a positive role
for Sirt3 in osteoblast differentiation and bone growth.(35,36) We
observed Sirt3-dependent chondrogenesis in BMSC pellets and
ERAD pathway gene expression in mature chondrocytes, indicat-
ing a positive role for Sirt3 in cartilage development. The rele-
vance of these findings to in vivo conditions remains to be
determined. Furthermore, although the loss of cartilage Sirt3 is
chondroprotective under HFD conditions at a young age, Sirt3
KO mice develop greater OA with age.(16) The age-dependent
effects of Sirt3 are also seen in the skeleton, with 16-month-old
Sirt3 KO mice exhibiting protection against age-associated loss
of bone mass compared to WT littermates.(29) This protection
appears to be due to reduced osteoclast resorptive activity
linked to impaired mitochondrial function in the absence of
Sirt3.(29,37) Consistent with these findings, mice that overexpress
Sirt3 show an age-associated increase in bone loss and osteoclas-
togenesis.(38) Thus, Sirt3 appears to function in a highly context-
dependent manner in the skeleton.

There are several limitations to consider with this study. Fore-
most, the direct translation of this work to human cartilage has
not been established. However, we note that prior studies
reported an age-dependent loss of SIRT3 in human
cartilage,(16,17) and our findings on Sirt3-dependent mitochon-
drial respiration in mouse chondrocytes replicate a previous
report using human chondrocytes.(17) Another limitation is the
absence of a direct assessment of Sirt3-dependent chondrocyte
FA oxidation. Unfortunately, mouse cartilage is too small for a
direct assessment, and our scRNAseq analyses show that mature
chondrocytes are not themajor population of cells expressing FA
oxidation enzymes in the primary juvenile monolayer chondro-
cyte model used for in vitro metabolic testing (Fig. S3). An addi-
tional limitation of the primary juvenile chondrocytemodel is the
use of monolayer culture under atmospheric oxygen, which is a
clear departure from in vivo conditions. Our previous research
showed that in vitro culture favored amino acid metabolism
compared to in vivo conditions.(19) Future studies using different
metabolic substrates(39) and culture conditions, such as three-
dimensional culture matrix and physiologic oxygen tension,
may allow investigators to optimize conditions to generate a
more uniform cellular phenotype in this primary murine chon-
drocyte model. Despite these limitations, we showed that this
in vitro culturemodel retained numerous genetic markers of het-
erogeneous cell populations that are present in vivo during
murine joint development.

In conclusion, a significant challenge in the field is to under-
stand how metabolic stressors, such as those associated with
obesity, promote synovial joint tissue damage and impaired
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function. One reason for this challenge is the complexity of
how metabolism contributes to the development, mainte-
nance, and repair of joint tissues. Identifying obesity-
dependent metabolic processes that harm cartilage mainte-
nance and repair could create new strategies to prevent or
treat OA. Our study represents a significant advance by identi-
fying Sirt3 as a critical effector gene in chondrocytes under
conditions of diet-induced obesity. Based on loss-of-function
studies, our findings indicate that Sirt3 inhibits glycolysis, stim-
ulates mitochondrial respiration and FA metabolism, and pro-
motes the development of HFD-induced OA. These effects
appear to be separate from a beneficial role of Sirt3 in chondro-
genesis. Future work is needed to determine whether Sirt3-
dependent metabolic effects induced by a HFD can be blocked
using alternative strategies to protect against the develop-
ment of obesity-associated OA.
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