
Ageing Research Reviews 66 (2021) 101249

Available online 29 December 2020
1568-1637/© 2020 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).

Review 

The role of metabolism in chondrocyte dysfunction and the progression 
of osteoarthritis 

Linli Zheng a,1, Ziji Zhang a,1, Puyi Sheng a,*, Ali Mobasheri a,b,c,d,* 
a Department of Joint Surgery, the First Affiliated Hospital, Sun Yat-sen University, Guangzhou, Guangdong 510080 China 
b Research Unit of Medical Imaging, Physics and Technology, Faculty of Medicine, University of Oulu, PO Box 5000, FI-90014 Oulu, Finland 
c Department of Regenerative Medicine, State Research Institute Centre for Innovative Medicine, LT-08406, Vilnius, Lithuania 
d Departments of Orthopedics, Rheumatology and Clinical Immunology, University Medical Center Utrecht, 508 GA, Utrecht, The Netherlands   

A R T I C L E  I N F O   

Keywords: 
Osteoarthritis (OA) 
Cartilage 
Chondrocyte 
Metabolism 
Hypoxia 
Glycolysis 
Oxidative phosphorylation 
Metabolic dysfunction 
Therapeutic 

A B S T R A C T   

Osteoarthritis (OA) is a degenerative joint disease characterized by low-grade inflammation and high levels of 
clinical heterogeneity. Aberrant chondrocyte metabolism is a response to changes in the inflammatory micro-
environment and may play a key role in cartilage degeneration and OA progression. Under conditions of envi-
ronmental stress, chondrocytes tend to adapt their metabolism to microenvironmental changes by shifting from 
one metabolic pathway to another, for example from oxidative phosphorylation to glycolysis. Similar changes 
occur in other joint cells, including synoviocytes. Switching between these pathways is implicated in metabolic 
alterations that involve mitochondrial dysfunction, enhanced anaerobic glycolysis, and altered lipid and amino 
acid metabolism. The shift between oxidative phosphorylation and glycolysis is mainly regulated by the AMP- 
activated protein kinase (AMPK) and mechanistic target of rapamycin (mTOR) pathways. Chondrocyte meta-
bolic changes are likely to be a feature of different OA phenotypes. Determining the role of chondrocyte 
metabolism in OA has revealed key features of disease pathogenesis. Future research should place greater 
emphasis on immunometabolism and altered metabolic pathways as a means to understand the pathophysiology 
of age-related OA. This knowledge will advance the development of new drugs against therapeutic targets of 
metabolic significance.   

1. Introduction 

Osteoarthritis (OA) is a degenerative disease that affects the entire 
joint and involves focal cartilage loss, bone hypertrophy (osteophytes 
and subchondral bone sclerosis), synovial capsule thickening and 
structural alterations of peri-articular ligaments and peripheral muscles 
(Hunter and Bierma-Zeinstra, 2019; Pereira et al., 2011) (Fig. 1). 
Currently, OA is the leading cause of disability in older adults, and af-
fects more than 250 million people worldwide, and represents a sub-
stantive burden to health care systems (Hunter et al., 2014). 

However, the pathophysiology of OA remains unclear (Mobasheri 
and Batt, 2016). Current opinions suggest that mechanical, inflamma-
tory, and metabolic factors are involved in the complex pathogenesis of 
OA, resulting in the destruction and failure of the joint (Brandt et al., 
2006; Martel-Pelletier et al., 2016). Risk factors for OA include aging, 
obesity, joint malalignment, polyarticular diathesis, joint injury, crystal 

deposition and high-impact physical activity, all of which can influence 
disease progression (Martel-Pelletier et al., 2016; Silverwood et al., 
2015; Zhang and Jordan, 2008). Clinical evidence also indicates that OA 
often co-exists with metabolic diseases and comorbidities such as di-
abetics mellitus, and cardiovascular diseases, which are predictive of 
faster deterioration of the OA joint (Calders and Van Ginckel, 2018). 
Based on OA risk factors, a recent systematic review identified six 
clinical phenotypes, including 1) chronic pain (with a prominent central 
mechanism), 2) inflammation, 3) metabolic syndrome, 4) bone and 
cartilage metabolism, 5) mechanical overload, and 6) minimal joint 
disease (Courties et al., 2017; Dell’Isola et al., 2016). The phenotype of 
metabolic syndrome-associated OA has been identified, and emerging 
evidence reveals the role of common pathways of metabolic diseases and 
OA, including low-grade inflammation and lipid metabolism, and 
metabolic factors can have a direct systemic effect on joints (Courties 
et al., 2017). Chondrocyte metabolic alterations are involved in the 
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metabolic syndrome-associated OA phenotype and may be an important 
factor for progression in other OA phenotypes. 

An important research question that needs to be addressed is which 
metabolic changes occur during OA progression? In a healthy joint, 
chondrocytes are in a state of physiological and metabolic homeostasis 
with robust redox control of differentiation and chondrogenesis (Bai 
et al., 2019; June et al., 2016). In the environment of a joint with OA and 
under inflammatory conditions, chondrocytes experience a pathological 
shift of metabolic homeostasis and cartilage remodeling characterized 
by enhancement of the glycolytic pathway, disturbed mitochondrial 
function and chondrosenescence, the process of cellular senescence in 
chondrocytes (Cucchiarini et al., 2009; Mobasheri et al., 2017). Alter-
ations in metabolic homeostasis and metabolic reprogramming also 

occur in synovial fibroblasts and immune cells of the joint, including 
synovial macrophages in OA (Karonitsch et al., 2018; Mahon et al., 
2019; Mobasheri et al., 2017). 

This comprehensive review article focuses on metabolic and ho-
meostatic alterations that occur during the progression of OA and pro-
vides an update of the major discoveries that have been made in recent 
years regarding the role of chondrocyte metabolism in OA. It is hoped 
that these advances in knowledge will provide a better understanding of 
metabolic disorders in the context of OA. 

2. Mitochondrial dysfunction 

To reveal more about the pathophysiology of OA, the unique 

Fig. 1. Schematic overview of the structural changes involved in OA and comparison of a healthy and normal joint, a joint with focal cartilage defect and an 
osteoarthritic joint. A. Structural changes in OA include articular cartilage degradation, subchondral bone remodeling. B. Structural disease progression from healthy 
to OA may occur following focal cartilage damage. 
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biological characteristics of chondrocytes and the properties of the 
surrounding micro-environment should be thoroughly studied. Articular 
cartilage consists of chondrocytes surrounded by extracellular matrix 
(ECM), which contains a fibrillar network of both collagens and non- 
collagenous matrix components embedded in a gel-like ground sub-
stance (Guilak et al., 2018). Articular cartilage is avascular, aneural and 
alymphatic and is generally characterized by low cellularity (Bora and 
Miller, 1987). In OA, chondrocytes undergo apoptosis and the loss of 
chondrocytes contributes to further hypocellularity (Blanco et al., 1998; 
Hashimoto et al., 1998a, b). A major source of nutrients and oxygen for 
cartilage is delivered by the double diffusion system, wherein materials 
cross the synovial barrier into the synovial fluid and diffuse in the 
cartilage ECM to reach chondrocytes in different depths of the tissue. An 
oxygen gradient exists across the entire cartilage layer with 6% oxygen 
in the superficial zone and less than 1% oxygen in the deep zone (Silver, 
1975; Zhou et al., 2004) (Fig. 2A). Compared to the 13 % oxygen level in 
arterial blood, oxygen delivered to the cartilage contains less oxygen 
than that in other tissues, such as muscle and bone (Zhou et al., 2004). 
Under such conditions, chondrocyte metabolic homeostasis is different 
from many other well vascularized cells and tissues that exist in physi-
ological normoxia with higher levels of oxygenation. 

The mitochondrion is a membrane-enclosed organelle found in all 
eukaryotic cells that plays a central role in energy uptake and energy 
production (Henze and Martin, 2003). Moreover, mitochondria are 
involved in crucial cellular processes, such as heat production, regula-
tion of apoptosis and autophagy (Loeser, 2011), and cellular differen-
tiation (Passarino et al., 2010; van der Bliek et al., 2017). Major 
biological metabolic pathways in mitochondria include the tricarboxylic 
acid (TCA) cycle (Krebs cycle or citric acid cycle) and oxidative phos-
phorylation, and key regulatory enzymes and large protein complexes 
are embedded within the inner mitochondrial membrane (Akram, 2014; 
van der Bliek et al., 2017). Mitochondria play an important role in 
maintaining chondrocyte homeostasis (Terkeltaub et al., 2002). How-
ever, in OA joints, the mitochondrial function of chondrocytes is 
severely disturbed homeostatic disturbances characterized by enhanced 
inflammation, increased apoptosis, decreased autophagy, decreased 
mitochondrial biogenesis and increased catabolic activity (Fig. 3). 

2.1. ROS and mitochondrial dysfunction 

In chondrocytes from OA cartilage, degenerative factors cause al-
terations in mitochondrial structure, dynamics and genome stability, 
resulting in reduced mitochondrial respiration and excessive production 
of reactive oxygen species (ROS), eventually leading to oxidative dam-
age, which is a hallmark of OA (Loeser et al., 2016a; Mobasheri et al., 
2017). ROS encompasses oxygen free radicals, such as the superoxide 
anion radical (O2⋅-) and hydroxyl radical (⋅OH), and nonradical oxidants 
(H2O2 and 1O2). ROS are generated by mitochondria and plasma 
membrane-localized NADPH oxidases and play a central role in the 
initiation and progression of OA (Adam-Vizi and Chinopoulos, 2006; 
Dröge, 2002; Zandalinas and Mittler, 2018). Due to decreased activity of 
mitochondrial complexes II and III in chondrocytes from OA cartilage, 
ROS resulted in increased inflammatory response and overexpression of 
matrix metalloproteinases (Cillero-Pastor et al., 2008; Vaamonde-García 
et al., 2012). By activating the mitogen-activated protein kinase (MAPK) 
and MAPK/ERK signaling pathways, ROS inhibits the synthesis of gly-
cosaminoglycans and type II collagen fibers and upregulates the 
expression of collagen type I, matrix metalloproteinases and 
pro-inflammatory cytokines (Rieder et al., 2018). ROS also induced 
chondrocyte apoptosis by activating both the PI3K/Akt and caspase 
pathways in the early development of OA (Li et al., 2019). In addition to 
compromising chondrocyte function, overproduction of ROS also caused 
mitochondrial DNA (mtDNA) damage and reduced the mtDNA repair 
capacity (Blanco et al., 2004; Grishko et al., 2009; Henrotin and Kurz, 
2007). 

The imbalance between ROS production and scavenging in chon-
drocytes has been extensively studied (Bolduc et al., 2019). (Fig. 3) 
Superoxide dismutase (SOD) is a major enzymatic antioxidant that acts 
as an ROS scavenger by converting the superoxide anion radical (O2-) 
into hydrogen peroxide and molecular oxygen, thus maintaining redox 
homeostasis (He et al., 2017). However, SOD1, SOD2 and SOD3 levels 
were found to be significantly decreased in OA cartilage, and SOD2 
knockout mice were observed to exhibit increased cartilage degenera-
tion during aging (Aigner et al., 2006; Koike et al., 2015; Ruiz-Romero 
et al., 2009; Scott et al., 2010). Moreover, upon binding to the 

Fig. 2. Histological characteristics of healthy and OA articular cartilage. A. Layers of healthy cartilage and chondrocyte composition. Oxygen tension decreases from 
6% in the superficial zone to 1% in the deep zone, and chondrocyte nutrients diffuse into the cartilage from synovial fluid. B. Both fissural lesions and cartilage 
erosion are important pathological characteristics of osteoarthritic cartilage. Chondrocytes in osteoarthritic cartilage undergo a hypertrophic phenotype shift and 
apoptosis. Inflammatory mediators contribute to the pathogenesis of OA by promoting the catabolism of cartilage. SFAs: saturated fatty acid, n-6 PUFAs: s-6 
polyunsaturated fatty acids; AGEs: Advanced glycation end product; NO: nitric oxide; RSPO2: R-spondin-2. [figure adapted from Fig. 2 by Hunter et al., Lan-
cet, 2019]. 
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ubiquitinase Aurora kinase A (AURKA), SOD2 is degraded through K48 
ubiquitination, resulting in mitochondrial dysfunction in OA chon-
drocytes (Yang et al., 2019). Increased lysine acetylation also contrib-
utes to the reduction of SOD activity and the development of OA (Fu 
et al., 2016b). Pyruvate is an important metabolite of glycolysis and also 
contributes to ROS scavenging. However, it seems that pyruvate cannot 
overcome the increase in ROS produced as a byproduct of its metabolism 
(Wiley and Campisi, 2016). 

2.2. mtDNA damage and mtDNA variation 

Multiple copies of mtDNA exist in cells, resulting in mtDNA hetero-
plasmy (Gorman et al., 2015). mtDNA damage or replication errors 
result in point mutations or rearrangements, which are characterized as 
inherited or sporadic (Nissanka and Moraes, 2018). The free radical 
theory proposes that a vicious cycle occurs between ROS and mtDNA 
damage. Specifically, ROS induce mtDNA damage and lead to mtDNA 
mutations, which subsequently leads to the synthesis of functionally 
impaired respiratory chain subunits, causing MRC dysfunction and 
augmented ROS production (Rego-Perez et al., 2013). mtDNA damage is 
found in chondrocytes from OA cartilage and accompanied by reduced 
mtDNA repair capacity and cell viability and increased apoptosis 
(Grishko et al., 2009). Proinflammatory cytokines (IL-1β and TNF-α) 
disturb mitochondrial function in chondrocytes by inducing mitochon-
drial DNA damage, thereby decreasing mitochondrial energy production 
and DNA transcription (Kim et al., 2010) (Fig. 3). 

A haplotype is a group of alleles that are inherited from a single 
parent; the matrilineal inheritance of mtDNA is one example of a 
haplotype that is referred to as the mtDNA haplogroup (Chocron et al., 
2019). mtDNA variations are related to the prevalence, progression and 
incidence of OA, especially in the mtDNA haplogroup from the mtDNA 
cluster JT (Fang et al., 2014; Rego et al., 2010; Soto-Hermida et al., 
2014). In different geographic populations, the relationship between 
mtDNA haplogroups and OA exhibits significant heterogeneity (Koo 

et al., 2019; Shen et al., 2014; Soto-Hermida et al., 2014). Different 
mtDNA haplogroups have different effects hereditary susceptibility to 
metabolic disorders, inflammation, aging and oxidative stress, contrib-
uting to OA pathogenesis (Blanco et al., 2018). 

3. Glycolytic pathway 

Since the environment of mature articular cartilage is known to be 
avascular, chondrocyte metabolism is generally thought to be restricted 
by relatively low rates of anaerobic glycolysis due to the limited rate of 
oxygen and nutrient diffusion from synovial fluid (Blanco et al., 2011; 
Johnson et al., 2004; Zhou et al., 2004). However, aerobic glycolysis 
(Warburg effect) has also been found to occur in normal chondrocytes 
and to coexist with anaerobic glycolysis, especially under physiological 
oxygen tension (Lane et al., 1977; Nahir, 1987; Salinas et al., 2017; 
Vander Heiden et al., 2009). 

In the glycolytic pathway, one molecule of glucose is broken down to 
form two molecules of pyruvate, and the pathway produces only 2 
molecules of ATP (O’Neill et al., 2016). Under aerobic conditions, py-
ruvate enters mitochondria, is converted to acetyl-CoA by the pyruvate 
dehydrogenase complex and is incorporated into the TCA cycle. The 
cycle generates energy equivalent to ATP (that is, GTP) as well as both 
NADH and FADH2, which serve as important electron carriers for 
electron transport chain-oxidative phosphorylation, resulting in the 
generation of ATP (Han et al., 2016). Mitochondrial oxidative phos-
phorylation (OXPHOS) accounts for up to 25 % of the ATP produced in 
articular cartilage (Lee and Urban, 1997). Under anaerobic conditions, 
pyruvate is converted into lactate in the cytosol to regenerate the 
NAD + that is necessary for the continued generation of ATP by 
substrate-level phosphorylation via anaerobic glycolysis (Han et al., 
2016). Most of the biochemical reactions in glycolytic pathways are 
reversible, and only four of these reactions are irreversible and 
flux-controlling steps, including glucose import, hexokinase, phospho-
fructokinase, and lactate efflux (Tanner et al., 2018). These steps are 

Fig. 3. Mitochondrial dysfunction and ROS production in chondrocytes from OA cartilage. A vicious cycle between ROS production and mtDNA damage as well as an 
imbalance in ROS overproduction and ROS scavenging are shown in the figure. 
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upregulated as part of the Warburg effect (Warburg, 1956). The glyco-
lytic shift in chondrocytes and fibroblast-like synoviocytes (FLS) is also 
shown in Fig. 4. 

In chondrocytes from OA cartilage, regulation of glucose transport 
and the glycolytic pathway are thought to affect disease pathogenesis 
(Figs. 4 and 5). In OA cartilage, the rate of anaerobic glycolysis is 
increased (Maneiro et al., 2003). Inhibition of glycolysis by monosodium 
iodoacetate (MIA) induces progression of OA (Huang et al., 2020). 
Glucose import is the first flux-controlling step in the glycolytic pathway 
(Tanner et al., 2018). Glucose transporter (GLUT) 1, which facilitates the 
transport of glucose across the chondrocyte membrane, is essential for 
embryonic growth, chondrogenesis and the development of the skeletal 
system (Mobasheri et al., 2005). By regulating GLUT1 expression, 
normal chondrocytes can adapt to changes in extracellular glucose 
concentrations at the cell membrane to maintain normal cartilage 
development (Qing-Xian et al., 2020). Genetic loss of GLUT1 leads to 
cartilage dysplasia, while continuous elevated GLUT1 expression can 
degrade cartilage by increasing glucose uptake and producing excessive 
AGEs (Baumann et al., 2014; Rasheed et al., 2011; Ye et al., 2016). 
Chondrocyte GLUT1 expression is significantly increased under hypoxic 
conditions and by pro-inflammatory cytokines (Peansukmanee et al., 
2009; Richardson et al., 2003). 

There are several important enzymes and processes that influence 
glycolytic flux, including hexokinase, phosphofructokinase, and lactate 
export in the anaerobic glycolytic pathway (Figs. 4 and 5). It is possible 
that the regulation of these key enzymes and processes can influence the 
pathogenesis of OA. Hexokinase is a glucose sensor (Mobasheri, 2012a) 
and represents an evolutionary conserved mechanism for sensing 
intracellular concentration of glucose (Rolland et al., 2001). Hexokinase 
also functions as a glucose-phosphorylating enzyme and thus serves as a 
key regulator of energy expenditure in most cells, in the first step in 
glycolysis (Mobasheri, 2012b). Hexokinase II is upregulated by trans-
forming growth factor beta 1 (TGF-β1) in OA chondrocytes (Wang et al., 
2018a). Pyruvate kinase (PK) catalyzes the last and rate-limiting 
glycolytic step that converts phosphoenolpyruvate to pyruvate with 
the generation of ATP. The isoenzyme PKM2, which regulates glycolysis 
and the Warburg effect, is overexpressed in proliferating cells and tumor 
cells (Alquraishi et al., 2019; Shirai et al., 2016; Xu et al., 2019). One 
study showed that PKM2 is upregulated in chondrocytes from OA 
cartilage with lower ATP generation, and PKM2 knockdown inhibits OA 
chondrocyte proliferation, promotes apoptosis, and downregulates 
COL2A1 and SOX-9 expression levels, indicating its possible role in OA 
pathogenesis (Yang et al., 2018). In the context of PKM2 overexpression 
in chondrocytes from OA cartilage, lactate dehydrogenase converts 

pyruvate molecules into lactate in the cytosol, generating two molecules 
of ATP and subsequently leading to lactate accumulation and the 
development of a more acidic microenvironment (Konttinen et al., 2002; 
Richardson et al., 2010). The acidic microenvironment (overall mean 
cartilage pH = 6.60) has been shown to inhibit matrix synthesis in 
chondrocytes (pH < 7.1), and can potentially facilitate cartilage 
degeneration in OA (High et al., 2019; Wilkins and Hall, 1995). 

4. TCA cycle 

As the final common oxidative pathway for carbohydrates, fats and 
amino acids, the TCA cycle is the most important metabolic pathway 
that supplies most of the ATP generated by metabolic fuels to cells 
(Akram, 2014). In OA chondrocytes, less pyruvate is converted to 
acetyl-CoA for the TCA cycle and OXPHOS due to enhanced anaerobic 
glycolysis (Maneiro et al., 2003). To date, only a few studies have 
assessed the regulation of key enzymes and metabolites in the TCA cycle 
in chondrocytes. Inhibition of pyruvate dehydrogenase and blocking of 
ATP synthesis in the TCA cycle delays the maturation of chondrocytes, 
indicating that acetyl-CoA is a regulator of chondrocyte maturation 
(Kosai et al., 2019). Studies from our laboratory have shown that 
expression of citrate synthase (CS), isocitrate dehydrogenase (IDH) and 
oxoglutarate dehydrogenase (OGDH) complex are upregulated in OA 
cartilage samples (unpublished data). Using metabolomics analysis, one 
study showed that physiological dynamic compression of primary 
human osteoarthritic chondrocytes also results in transient increases in 
the ratio of NADP + to NADPH and an initial decrease in the ratio of 
GDP to GTP, suggesting a flux of energy into the TCA cycle and an in-
crease in glycolytic energy utilization (Jutila et al., 2014; Zignego et al., 
2015). Mechanotransduction studies suggest that studies that link 
chondrocyte mechanical function and metabolism may yield novel 
translational strategies for cartilage repair (Salinas et al., 2019). 

5. Lipid metabolism 

Lipids are macromolecules that exhibit various types and complex 
structures, and lipids play important roles in cellular function (Maxfield 
and Tabas, 2005). Triglyceride (TG), fatty acids (FA), cholesterol and 
phospholipids are four major classes of lipids (Bermúdez-Cardona and 
Velásquez-Rodríguez, 2016). TG mainly represent an efficient storage 
form of FA, serve as important energy substrates, function in the 
detoxification of lipotoxic FA and provide important metabolites for cell 
cycle progression (Brookheart et al., 2009; Kohlwein, 2010). Fatty acids 
make up a substantial component of lipids and cell membranes in the 

Fig. 4. Glycolytic shift in fibroblast-like synoviocyte (FLS) and cartilage in OA joint. Under hypoxia and inflammatory conditions in OA joints, cells undergo 
enhanced anaerobic glycolysis with upregulation of GLUT1, HK, PK and LDH. (G-6-P: glucose-6-phosphate; PEP: phosphoenopyruvate; GLUT1: glucose transporter 
type I; HK: hexokinase; PK: pyruvate kinase; LDH: lactate dehydrogenase; MCT: monocarboxylate transporter; OXPHOS: oxidative phosphorylation). 
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form of phospholipids (Tvrzicka et al., 2011). As an important compo-
nent of plasma membranes, cholesterol is also known as an atherogenic 
lipid (Luo et al., 2020). Phospholipids are also a main component of 
cellular membranes (Li et al., 2015). To rapidly and efficiently respond 
to cellular stress, complex regulatory networks are required in all or-
ganisms to maintain lipid and membrane homeostasis (Baker et al., 
2012). 

What is the relationship between lipids and OA? Clinical studies have 
revealed a relationship between lipid metabolism and OA. In the 
Multicenter Osteoarthritis Study (MOST), Baker et al. found an inverse 
relationship between total omega-3 polyunsaturated fatty acids (n-3 
PUFAs) and patellofemoral cartilage loss and a positive association be-
tween omega-6 polyunsaturated fatty acids (n-6 PUFA) and synovitis 
(Baker et al., 2012). A population-based NEO study revealed that plasma 
postprandial saturated fatty acids (SFA) and PUFA levels were positively 
associated with clinical hand and structural knee OA in men but not in 
women (Loef et al., 2019a). A case-control study using the UK-based 
Clinical Practice Research Datalink (CPRD) also showed that hyperlip-
idemia might be an independent risk factor for new onset hand OA (Frey 
et al., 2017). Moreover, one study showed that a 1-unit increase in tri-
glycerides was associated with 9% and 5% increases in the risk of clin-
ical knee OA (KOA) prevalence and clinical KOA onset, respectively 
(Zhou et al., 2017a). A meta-analysis showed that OA patients exhibited 
a pro-atherogenic lipid and glycemic profile, including high levels of 
fasting glucose, total cholesterol, and LDL cholesterol and a high body 
mass index, suggesting an increased cardiovascular risk in OA patients 
(Mathieu et al., 2019). 

In summary, from a metabolic perspective, lipids (fatty acids and 
cholesterol) and lipid metabolic regulators are likely to be involved in 
the pathogenesis of OA (Baudart et al., 2017; Farnaghi et al., 2017; 
Gkretsi et al., 2011; Ioan-Facsinay and Kloppenburg, 2018). 

5.1. Bioactive fatty acids 

As bioactive lipids, fatty acids mainly function as pro-inflammatory 
and anti-inflammatory molecules in OA (Ioan-Facsinay and 

Kloppenburg, 2018). Depending on the length and degree of saturation, 
fatty acids have different biological effects and can be classified as 
saturated fatty acids (SFAs), monounsaturated fatty acids (MUFAs) and 
polyunsaturated fatty acids (PUFAs) (Ioan-Facsinay and Kloppenburg, 
2018). SFA is generally considered a pro-inflammatory lipid (Loef et al., 
2019b). In in vivo studies, stearic acid induced proinflammatory cyto-
kine production partly through activation of a novel lactate-hypoxic 
inducible factor 1α (HIF1α) pathway in chondrocytes (Miao et al., 
2015). As a proinflammatory and catabolic factor of OA pathogenesis, 
palmitate induced caspase activation and cell death in IL-1β-stimulated 
normal chondrocytes and upregulated IL-6 and cyclooxygenase 2 
(COX-2) expression in chondrocytes through Toll-like receptor 4 (TLR-4) 
signaling (Alvarez-Garcia et al., 2014). However, another study also 
suggested that TLR4 is not a receptor for SFAs, and palmitate meta-
bolism is necessary for its inflammatory effects (Lancaster et al., 2018). 
Along with SFAs, n-6 PUFAs also manifest a pro-inflammatory effect. 
N-6 PUFA not only mediates ROS production and chondrocyte apoptosis 
through the NADPH oxidase 4 (NOX-4) signaling pathway but is also 
further oxidized into bioactive metabolites, such as proinflammatory 
prostaglandins and leukotrienes, which play an important role in joint 
inflammation, cartilage matrix degradation and bone resorption in OA 
(Adatia et al., 2012; Brouwers et al., 2015; Fu et al., 2016a; Wang and 
He, 2018). Compared to the pro-inflammatory effects of SFAs and n-6 
PUFAs, n-3 PUFA can be oxidized to specialized pro-resolving mediators 
(SPMs), including members of the lipoxin, resolvin, protectin and mar-
esin families, and other oxylipins with potent anti-inflammatory and 
pro-resolving functions (Dennis and Norris, 2015; Serhan, 2014). SPMs 
are generated from efferocytosis and function as signaling molecules to 
restore vascular integrity, promote tissue regeneration and repair, and 
alleviate inflammation by inhibition of inflammatory lipid mediators 
and cytokines (Serhan et al., 2015). An in vivo study showed that n-3 
PUFAs reduce ADAMTS-4, ADAMTS-5, MMP-3 and MMP-13 expression 
in IL-1α-induced chondrocytes (Zainal et al., 2009). Targeted lipidomic 
analysis has revealed that markers of inflammation resolution, such as 
17-HDHA, 18-HEPE and pro-resolving lipid RvD2, are detected in OA 
synovial fluid, suggesting that SPMs are involved in the resolution of 

Fig. 5. Metabolic pathways involved in the pathogenesis of OA. The aberrant metabolic changes include enhanced anaerobic glycolysis, regulation of bioactive 
lipids, cholesterol metabolism adaptation and arginase II-related arginine metabolic alterations. 
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inflammation and OA pathogenesis (Jónasdóttir et al., 2017). Moreover, 
positive relations between the resolvin receptor and interleukin-6 (IL-6) 
expression in the human OA synovial and medial tibial plateau have 
been demonstrated (Huang et al., 2017). RvD1 levels were increased in 
synovial fluids from OA joints compared to those in normal joints, and 
RvD1 inhibited IL-1β-induced COX-2, prostaglandin E2 (PGE2), induc-
ible nitric oxide synthase (iNOS), nitric oxide (NO), and matrix 
metalloproteinase-13 (MMP-13) expression and suppressed IL-1β-in-
duced activation of NF-κB/p65, p38/MAPK and JNK(1/2) in chon-
drocytes from osteoarthritic cartilage (Benabdoune et al., 2016). 

5.2. Cholesterol metabolism 

From a clinical perspective hypercholesterolemia is associated with 
generalized OA, and cholesterol levels potentially affect the pathogen-
esis of OA (Stürmer et al., 1998). In the context of increased dietary 
cholesterol, significant correlations between the development of OA on 
the medial side of the joint and cholesterol exposure have been observed 
(Gierman et al., 2014). Moreover, in mice fed a cholesterol-rich diet and 
low-density lipoprotein receptor knockout (LDLr-/-) mice, osteophyte 
size at the margins of the tibial plateau increased (de Munter et al., 
2013). Hedgehog signaling regulates genes that govern cholesterol ho-
meostasis, thus altering cholesterol accumulation in chondrocytes. 
Reducing cholesterol accumulation attenuated the severity of OA in 
mice in vivo and decreased the expression of proteases in human OA 
cartilage in vitro (Ali et al., 2016). Regarding the regulation of choles-
terol metabolism within chondrocytes, Choi et al. found that chon-
drocytes from OA cartilage had increased levels of cholesterol due to 
enhanced uptake, upregulation of cholesterol hydroxylases (CH25H and 
CYP7B1) and increased production of oxysterol metabolites. In addition, 
the CH25H-CYP7B1-RORalpha axis of cholesterol metabolism has been 
proposed to regulate OA (Choi et al., 2019a) (Fig. 5). 

5.3. Phospholipid metabolism 

A clinical study has revealed that lysophosphatidylcholines (lysoPCs) 
to phosphatidylcholines (PCs) ratio in synovial fluid can be the novel 
biomarkers for predicting advanced knee OA (Zhang et al., 2016a). The 
elevated lysoPCs and PCs indicates that the conversion of PCs to lysoPCs 
metabolic pathway is highly activated, and the key regulatory enzyme 
phospholipase A2 (PLA2) and its isoenzyme PLA2G5 are also upregu-
lated in OA cartilage (Pruzanski et al., 1991; Zhai et al., 2019). Over-
expression of the PLA2G5 is highly correlated with IL-6 which has been 
associated with knee OA progression (Leistad et al., 2011). LysoPC, also 
known as lysolecithin, recruits phagocytes to the site of apoptosis and 
facilitates opsonization of apoptotic cells, and increase chondrocyte 
apoptosis, which is an important characteristic in OA pathogenesis 
(Hwang and Kim, 2015; Lauber et al., 2003). Moreover, the conversion 
of PC to lysoPC also releases PUFAs, including arachidonic acid (AA), 
which is an important precursor of eicosanoids, prostanoids and endo-
cannabinoids, and the downstream AA metabolic pathway plays an 
important role in inflammatory processes (Astudillo et al., 2012). 

6. Amino acid metabolism 

In mammalian cells, amino acids function as substrates for new 
protein synthesis (Vettore et al., 2020). Additionally, amino acids are 
key precursors for hormones and low-molecular weight bioactive sub-
stances, both of which are implicated in important biological functions 
(Tsikas and Wu, 2015; Wu, 2009). The physiological concentrations of 
amino acids and their metabolites have multiple physiological functions 
and inhibit oxidative injury (Li et al., 2016). Alterations in amino acid 
concentrations and amino acid metabolism is thought to be involved in 
the pathogenesis of OA (Li et al., 2016; Wen et al., 2015). 

6.1. Bioactive amino acids 

Metabolomics has shown differences in amino acid concentrations in 
OA cartilage, synovial fluid, plasma and urine and these identified 
amino acids and potentially the ratios between selected amino acids are 
biomarkers (Table 2) (Showiheen et al., 2019). N-acetyl, glycine and 
alanine are decreased in human OA cartilage (Shet et al., 2012a). Within 
equine cartilage explants, lysine is elevated following TNF-α/IL-1β 
treatment, while alanine is decreased (Anderson et al., 2020). In OA 
patients’ plasma, several metabolomic studies have found that arginine 
and the ratio of arginine to asymmetric dimethylarginine are decreased 
while levels of symmetric dimethylarginine increased (Pascale et al., 
2013; Zhang et al., 2016c). Histidine is found to decrease in OA patients’ 
plasma, and moreover, branched-chain amino acid (BCAA) to histidine 
ratio has been identified as novel a biomarker for OA (Zhai et al., 2010; 
Zhang et al., 2015a). Some bioactive amino acids as potential bio-
markers can also be identified from synovial fluid in OA patients. 
Glutamine, tyramine, threonine, 8-aminocaprylic acid, nitrotyrosine, 
and isomerized aspartate are elevated in synovial fluid from patients’ 
OA joints (Catterall et al., 2009; Misko et al., 2013; Zheng et al., 2017). 
N-phenylacetylglycine and 3-hydroxybutyrate, are reduced in OA sy-
novial fluid, which indicates the important roles of metabolic pathways 
of hypoxia, inflammation and the high energy requirement for initiating 
the inflammatory aspects of OA (Mickiewicz et al., 2015b). In the ovine 
OA model, hydroxyproline, asparagine and serine are decreased in early 
post-injury degenerative knee joint (Mickiewicz et al., 2015a). Urine 
metabolites might also serve as potential biomarkers for OA, and histi-
dine, and glutamine are decreased in OA patients’ urine (Loeser et al., 
2016b). Glutamine is also decreased in urine in a rat model of OA (Jiang 
et al., 2018). 

Recent work by Kaneko et al. suggests that N-acetyl cysteine (NAC) is 
an anti-oxidant that has been proposed as a potential OA treatment 
(Kaneko et al., 2019). Therefore, NAC may serve as an important pro-
tective factor and its levels may potentially be used as a biomarker of 
anti-oxidant activity in OA (Shet et al., 2012b). In addition, methionine 
can be converted to S-adenosylmethionine (SAM), and this conversion is 
related to the repair of cartilage damage and inflammatory reducing 
factors. Moreover, N-acetylated molecules and glutamine are present in 
significantly greater quantities in knee OA compared to hip OA, sug-
gesting the involvement of collagen degradation, the tricarboxylic acid 
cycle and oxidative metabolism in diseased joints (Akhbari et al., 2019; 
Shambaugh, 1977). 

6.2. Amino acid metabolic alterations 

Amino acid metabolic alterations are also involved in OA pathology. 
Arginine is the physiological nitrogenous substrate of iNOS, and iNOS- 
mediated production of NO from arginine in chondrocytes is associ-
ated with OA pathogenesis (Abramson, 2008; Wu et al., 2009). As an 
arginine-metabolizing enzyme, arginase II is specifically upregulated in 
chondrocytes and upregulates MMP-3 and MMP-13 in chondrocytes via 
the NF-κB pathway, causing destruction of OA cartilage (Choi et al., 
2019b) (Fig. 5). Glutamate metabolism, including glutamine release, 
sodium- and calcium-dependent glutamate uptake, and the expression of 
glutamate transporter N-methyl-D-aspartate (NMDA) glutamate re-
ceptors (NMDAR), has been observed in chondrocytes (Piepoli et al., 
2009). IL-1β-stimulated chondrocytes significantly increase glutamate 
release by 90 % and decrease glutamine uptake by 50 % (Piepoli et al., 
2009). NMDAR is critical for regulating the hypothalamic clock, and the 
type of NMDAR subunits expressed in OA are altered (Kalev-Zylinska 
et al., 2018). MDAR inhibition restores PER2 and BMAL1 expression to 
levels similar to those observed in macroscopically normal chondrocytes 
and results in reduced MMP-13 and COL10A1 levels, suggesting its 
involvement in OA pathology (Kalev-Zylinska et al., 2018). 
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7. Interaction between metabolic pathway alterations 

Alterations in metabolic pathways are linked to OA pathology. The 
expression of key regulatory enzymes as the regulators of various 
metabolic pathway has been shown to upregulated (Table 1). Moreover, 
individual metabolic pathways are not acting alone and since all path-
ways are highly interconnected, there will be various interplays between 
different pathways in the process of OA pathogenesis. In pro- 
inflammatory conditions, cells generally switch between oxidative 
phosphorylation and glycolysis (Geltink et al., 2018; Kelly and O’Neill, 
2015). In order to meet energy requirements in a pro-inflammatory 
microenvironment, chondrocytes undergo enhanced anaerobic glycol-
ysis (Mobasheri et al., 2017). As a central hub in cellular metabolism, the 
TCA cycle serves as a source of intermediary metabolites and structural 
precursors for biosynthetic pathways, and may also provide important 
metabolites and signaling molecules for cellular repair and regeneration 
(Martínez-Reyes and Chandel, 2020). 

Increased n-6 PUFAs and SFA initiate inflammatory responses and 
leads to cartilage degeneration, and decreased carnitine shuttle and beta 
oxidation of fatty acids reduce the ATP production and impair cartilage 
repair (Stoppoloni et al., 2013). Cholesterol also accumulates in chon-
drocytes, and with metabolic shift of cholesterol catabolism, excessive 
cholesterol causes cartilage degeneration (Choi et al., 2019a). Genera-
tion of phosphatidylcholine is the combination of glucose, lipid and 
amino acid metabolism, and with the increase activity of PLA2 enzyme, 
more PCs are converted to AA and activate the eicosanoid and 

prostaglandin pathways, eventually leads to the inflammatory micro-
environment of cartilage in OA joints (Zhai et al., 2019). Arginase II is 
activated in OA chondrocytes in the ornithine cycle, which is also con-
nected with TCA cycle through fumarate and aspartate as intermediate 
metabolites (Choi et al., 2019b; Shambaugh, 1977) (Fig. 6). 

8. Regulation of chondrocyte metabolism 

Multiple molecular mechanisms converge to alter core cellular 
metabolism and provide support for the basic needs of cells (Cairns 
et al., 2011). The adaptation and regulation of metabolism in OA 
chondrocytes are key hallmarks of the pathogenesis of the disease 
(Fig. 7). 

8.1. AMP-activated protein kinase 

AMP-activated protein kinase (AMPK) is a crucial sensor of energy 
status. AMPK plays an important pleiotropic role in cellular responses to 
metabolic stress (O’Neill and Hardie, 2013). Functioning as a metabolic 
checkpoint, AMPK complexes are activated in response to an increased 
AMP/ATP ratio, which is caused by an increase in ATP consumption or 
decrease in ATP production (Cairns et al., 2011; June et al., 2016; 
O’Neill and Hardie, 2013). Phosphorylation of AMPKα Thr172 is 
reduced in human OA chondrocytes, and de-phosphorylation correlates 
with catabolic responses (Terkeltaub et al., 2011). Chondrocytes iso-
lated from AMPKα1α2 conditional double knockout (AMPKα cDKO) 

Table 1 
The key regulatory enzymes and metabolic pathways implicated in the pathogenesis of osteoarthritis.  

Metabolic 
pathway 

Key regulatory enzyme Encoded 
genes 

Metabolic function Role in OA pathogenesis 

Glycolysis Hexokinase II HK2 Phosphorylates a hexose to a hexose phosphate Upregulated by TGF-β1 in OA chondrocytes; 
chondroprotective functions  

Pyruvate kinase PKM2 Dephosphorylates phosphoenolpyruvate to pyruvate PKM2 knockdown inhibits OA chondrocyte 
proliferation, promotes apoptosis, and downregulates 
COL2A1 and SOX-9 expression levels 

Cholesterol 
metabolism 

Cholesterol 25- 
hydroxylase 

CH25H Catalyzes the formation of 25-hydroxycholesterol from 
cholesterol 

Upregulated in OA chondrocytes since enhanced uptake 
of cholesterol, and overexpression leads to progression 
in experimental models of OA  

Cytochrome P450 
Family 7 Subfamily B 
Member 1 

CYP7B1 Catalyzes the formation of oxysterol from 25- 
hydroxycholesterol 

Upregulated in OA chondrocytes since enhanced uptake 
of cholesterol, and overexpression leads to progression 
in experimental models of OA 

Phospholipid 
metabolism 

phospholipase A2, 
phospholipase A2 
Group V 

PLA2, 
PLA2G5 

Catalyzes the hydrolysis of a lecithin to a lysolecithin by 
removing the 2-acyl group; also acts on other 
phospholipids by removing a fatty acid from the 2-position 

Upregulated in OA cartilage and chondrocytes, 
overexpression of the PLA2G5 is highly correlated with 
IL-6 which has been associated with knee OA 
progression 

Amino acid 
metabolism 

Arginase II ARG2 Catalyze the formation of orthenine from arginine Upregulated in chondrocytes and upregulates MMP-3 
and MMP-13 in chondrocytes via the NF-κB pathway, 
causing destruction of cartilage  

Table 2 
Summary of amino acid alterations involved in OA.  

Species 
Investigated 

Bio-specimens examined Upregulated amino acids Downregulated amino acids References 

Homo sapiens Cartilage  N-acetyl, glycine, alanine (Shet et al., 2012b) 
Equus caballus Cartilage explants (TNF-α/IL-1β 

treatment) 
Lysine Alanine (Anderson et al., 

2020) 
Homo sapiens Plasma  Arginine (Zhang et al., 2016c) 
Homo sapiens Plasma Branched-chain amino acid to histidine ratio  (Zhai et al., 2010) 
Homo sapiens Plasma Tryptophan 4-oxoproline, glycine and histidine (Zhang et al., 2015a) 
Homo sapiens Plasma Symmetric dimethylarginine Arginine, ratio of arginine/asymmetric 

dimethylarginine 
(Pascale et al., 2013) 

Homo sapiens Synovial fluid Glutamine, tyramine, threonine, and 8-ami-
nocaprylic acid  

(Zheng et al., 2017) 

Homo sapiens Synovial fluid Nitrotyrosine  (Misko et al., 2013) 
Homo sapiens Synovial fluid Isomerized aspartate  (Catterall et al., 2009) 
Ovis Aries Synovial fluid  Hydroxyproline, asparagine, serine (Mickiewicz et al., 

2015a) 
Homo sapiens Urine  Histidine, glutamine (Loeser et al., 2016b) 
Rattus norvegicus Urine Alanine Glutamine, asparagine (Jiang et al., 2018)  
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mice exhibited an enhanced IL-1β-stimulated catabolic response with 
upregulated MMP-3, MMP-13 and phospho-nuclear factor-κB p65 
expression and increased expression of apoptotic markers (Zhou et al., 
2017b). 

Downregulation of AMPK signaling is involved in the pathogenesis of 
OA. STK11 encodes liver kinase B1 (LKB1), which is the upstream kinase 
necessary for AMPK activation (Cairns et al., 2011). LKB1 phosphory-
lation is also reduced in human OA chondrocytes, and LKB1 dysregu-
lation may suppress AMPK activity and lead to OA progression 
(Petursson et al., 2013). Sirtuin 1 (SIRT1) is an enzyme that mediates 
NAD+-dependent deacetylation of substrates and a metabolic biosensor. 
SIRT1 and AMPK regulate each other and directly affect the activity of 
peroxisome proliferator-activated receptor γ coactivator-1α (PGC-1α) 
through deacetylation and phosphorylation, respectively (Cantó and 
Auwerx, 2009). As a transcription co-activator and master regulator of 
mitochondrial biogenesis and function, peroxisome 
proliferator-activated receptor gamma (PPARγ) coactivator-1α 
(PGC-1α) levels are also reduced in human OA chondrocytes (Wang 
et al., 2015). One study has shown that AMPK/SIRT-1/PGC-1α pathway 
activation reverses the reduction in mitochondrial biogenesis in OA 
chondrocytes and pro-catabolic responses (Terkeltaub et al., 2011). As 

another enzyme in the sirtuin family, SIRT3 protects mitochondria from 
oxidative stress by deacetylating SOD2, protects mitochondria from 
DNA damage by maintaining levels of base excision DNA repair enzyme 
8-oxoguanine glycosylase (OGG1) and deacetylating OGG1 to activate 
DNA repair (Ansari et al., 2017). Another study also shown that AMPK 
activation via SIRT3 limits oxidative stress and improves mtDNA 
integrity and function in OA chondrocytes (Chen et al., 2018). 

8.2. mTOR signaling pathway 

The target of rapamycin (TOR) is a nutrient-sensing signaling 
cascade that is responsible for the regulation of growth and metabolism 
of cells (Pal et al., 2015). As the mechanistic target of rapamycin, mTOR 
comprises two complexes, mTORC1 and mTORC2, with different bio-
logical functions. mTORC1 inhibits autophagy and is a downstream 
target of the PI3K and protein kinase B (Akt) pathway (Heras-Sandoval 
et al., 2014). One study has shown that IL-1β inhibits the cell cycle and 
proliferation rate of rat chondrocytes and reduces the autophagy rate 
(Xue et al., 2017). Inhibition of the PI3K/AKT/mTOR signaling pathway 
promotes chondrocyte autophagy and attenuates the inflammation 
response in rats with OA (Xue et al., 2017). Upregulation of mTOR in OA 

Fig. 6. Interplay of metabolic pathways in chondrocytes from OA cartilage. LTs: leukotrienes; lysoPCs: lysophosphatidylcholines; PCs: phosphatidylcholines; TCA: 
tricarboxylic acid. 

Fig. 7. Regulation of chondrocyte metabolism by AMPK, 
mTOR, HIF-1α and HIF-2α pathways. AKT: serine/threonine 
kinase; AMPK, AMP‑activated protein kinase; ETC, electron 
transport chain; GLUT1, glucose transporter type 1; HIF-1α: 
hypoxia-inducible factor-1α; HIF-2α: hypoxia-inducible factor- 
2α; LKB1: serine/threonine-protein kinase 11; mTOR: mecha-
nistic target of rapamycin; n-3 PUFAs: mega-3 polyunsaturated 
fatty acids; PGC1α, peroxisome proliferator‑ activated receptor 
γ co‑activator 1α; PI3K: phosphoinositide 3-kinase inhibitors; 
ROS, reactive oxygen species; ULK1: Unc-51-like kinase 1; 
SIRT1, NAD‑dependent protein deacetylase sirtuin‑1; SIRT3, 
NAD‑dependent protein deacetylase sirtuin‑3.   
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cartilage is accompanied with increased chondrocyte apoptosis and 
reduced expression of key autophagy genes during OA (Zhang et al., 
2015b). Furthermore, regulation of the Unc-51-like kinase 1 
(ULK1)/AMPK signaling pathway by mTOR may be partially responsible 
for regulating autophagy signaling and the balance between catabolic 
and anabolic factors in articular cartilage (Zhang et al., 2015b). Epige-
netic regulation targeting the mTOR signaling pathway has been shown 
to regulate chondrocyte viability, autophagy and apoptosis, i.e., 
mir-4262 and mir-27a activate the PI3K/AKT/mTOR signaling pathway 
(Cai et al., 2019; Sun et al., 2018). Bioactive lipids, including exogenous 
and endogenous n-3 PUFAs, downregulate mTORC1 activity and pro-
mote autophagy in chondrocytes (Huang et al., 2014). 

8.3. Hypoxia-inducible factors 

Hypoxia-inducible factors (HIFs) are the central regulators of the 
adaptive response to hypoxia and transcriptionally activate genes 
modulating oxygen homeostasis and metabolic activation (Choudhry 
and Harris, 2018; Fitzpatrick, 2019). The heterodimer of HIFs consists of 
HIF-α (isoforms HIF-1α, HIF-2α, HIF-3α) and HIF-β (also termed aryl 
hydrocarbon receptor nuclear translocator, ARNT) subunits that all 
belong to the Per-ARNT-Sim (PAS) family of basic helix–loop–helix 
(bHLH) transcription factors (Choudhry and Harris, 2018). Under 
normal oxygen tension, HIF-α subunit binds to the von Hippel–Lindau 
(VHL) protein, and consequently activates the ubiquitin ligase system, 
leading to proteasomal degradation of HIF-α (Schofield and Ratcliffe, 
2004). Prolyl hydroxylases (PHD) plays an important role in hydroxyl-
ation of proline residues in HIF-α, which is vital for vital for VHL binding 
(Choudhry and Harris, 2018). However, hypoxic conditions (oxygen 
tension < 5%) suppress the activity of PHD, leading to HIF-α stabiliza-
tion and dimerization with HIF-1β. Under hypoxic conditions, HIF-α 
translocates to the nucleus and binds to hypoxia response element (HRE) 
within the promoter region and activates the genes that control cellular 
oxygen homeostasis (Johnson et al., 2008). 

The hypoxic environment of cartilage stabilizes the activity of HIF-1α 
in chondrocytes and HIF-1α may have chondroprotective effects and 
maintain cartilage homeostasis (Coimbra et al., 2004; Fernández-Torres 
et al., 2017). HIF-1α plays an important role in maintenance of anaer-
obic glycolysis and ECM synthesis of epiphyseal chondrocytes (Pfander 
et al., 2003). In OA cartilage, expression of HIF-1α is higher in degen-
erated regions compared to intact regions (Yudoh et al., 2005). HIF-1α 
can mediate anticatabolic responses and inhibits the destruction of 
human articular cartilage (Thoms et al., 2013). Recent studies also 
shows that through suppression of NF-κB signaling, HIF-1α has an 
anti-catabolic function in the maintenance of articular cartilage (Okada 
et al., 2020). HIF-1α stabilization could alleviate apoptosis and chon-
drosenescence via mitophagy under hypoxic conditions (Hu et al., 
2020). Microsomal prostaglandin E synthase 1 (mPGES-1) can also be 
upregulated by HIF-1α, indicating the potential role of HIF-1α in chon-
drocyte metabolism in OA cartilage (Grimmer et al., 2007). HIF-1α may 
also metabolically control collagen synthesis and modification in 
chondrocytes (Stegen et al., 2019). 

HIF-2α, encoded by encoded by EPAS1, is considered to have a 
harmful effect on the articular cartilage (Fernández-Torres et al., 2017). 
HIF-2α expression is higher in OA cartilage versus non-diseased cartilage 
of mice and humans and EPAS1 promoter assay identified RELA, a NF-κB 
family member, as a potent inducer of HIF-2α expression (Saito et al., 
2010). HIF-2α could regulate expression of crucial catabolic genes 
including matrix MMP-1, MMP-3, MMP-9, MMP-12, MMP-13, 
ADAMTS-4, NOS2 and prostaglandin-endoperoxide synthase-2 
(PTGS2), and play a role in OA progression (Yang et al., 2010). HIF-2α 
may also be a potent and functional inducer of 
CCAAT/enhancer-binding protein-β (C/EBPβ) expression and upregu-
late MMP-13, controlling cartilage degradation (Hirata et al., 2012). 
HIF-2α may target IL-6 to regulate the expression of MMP-3 and 
MMP-13 (Huh et al., 2015; Ryu et al., 2011). Human lysyl oxidase (LOX) 

is a hypoxia-responsive gene whose protein product catalyzes collagen 
crosslinking involved in development of OA, is highly responsive to 
HIF-2α (Wang et al., 2017). HIF-2α potentiates Fas-mediated chon-
drocyte apoptosis, which is associated with OA cartilage destruction 
(Ryu et al., 2012). Inactivation of VHL up-regulates of HIF-2α, increases 
chondrocyte apoptosis and decreases expression of autophagy during 
OA development (Weng et al., 2014). 

9. Chondrocyte metabolism and OA phenotypes 

Alteration of chondrocyte metabolism results in an imbalance in 
collagen synthesis and degradation, cartilage degeneration, chon-
drosenescence and an intra-articular inflammatory environment, ulti-
mately leading to OA (Martin and Buckwalter, 2002). The metabolic 
changes that can occur in chondrocytes may exhibit distinct character-
istics in different OA phenotypes. Different mechanistic subgroups of 
OA, the molecular endotypes of OA, have been proposed based on 
pathological processes, including an increased inflammatory compo-
nent, mechanical overload, metabolic alterations, and senescence, and 
all of these factors are also known as stressors (Bierma-Zeinstra and van 
Middelkoop, 2017; Courties et al., 2017; Jeon et al., 2017; Scanzello, 
2017). These clinical OA phenotypes overlap to some extent, which 
implies that the mechanistic and molecular endotypes (i.e. the metab-
olites and metabolic pathways alterations) also overlap and could be 
used to validate closely related phenotypes (Fig. 8). 

9.1. Inflammation-associated OA phenotype 

The inflammation-associated OA phenotype is characterized by low- 
grade inflammation (Scanzello, 2017). From a metabolic perspective, 
the accumulation of inflammatory mediators leads to mtDNA damage 
and ROS overproduction and drives intrinsic catabolic responses in 
chondrocytes, eventually causing an imbalance between the repair and 
destruction of cartilage. 

Inflammatory mediators include proinflammatory cytokines, proin-
flammatory metabolites, NO, chemokines and R-spondin-2 (RSPO2) 
(Fig. 2B) (Rahmati et al., 2016; Zhang et al., 2018). Proinflammatory 
cytokines, such as TNF-α, IL-1β and IL-6, promote the inflammatory 
environment of synovial joints, and SFAs and n-3 PUFAs serve as 
proinflammatory metabolites (Kapoor et al., 2011; Loef et al., 2019b; 
Mustonen et al., 2019; Sibille et al., 2018). Moreover, continuous lipo-
protein accumulation (mainly LDL) in the ECM of cartilage can trigger 
the inflammatory process (Farnaghi et al., 2017). NO synthesized from 
the amino acid L-arginine is also important in mediating in inflammatory 
responses (Allen et al., 2012). Inflammatory mediators generated from 
bone, cartilage and synovial tissue activate chondrocytes and disrupt the 
homeostatic state, and the complete process is characterized by over-
production of ROS and mitochondrial dysfunction, overexpression of 
catabolism-related genes and inflammation-related genes, and chon-
drocyte apoptosis (Forrester et al., 2018; Goldring et al., 2011; Zhang 
et al., 2010). In this inflammatory phenotype of OA, chondrocytes are 
metabolically activated and play an essential role in the imbalance be-
tween repair and destruction in OA cartilage (Fig. 9). 

9.2. Mechanical overload-associated OA phenotype 

Mechanical overload is often caused by joint mal-alignment, heavy 
work activities and being overweight, which are risk factors of OA 
(Runhaar et al., 2014). Articular cartilage overload results in collagen 
network damage and proteoglycan loss, leading to irreversible cartilage 
destruction given the lack of regenerative capacity (Jørgensen et al., 
2017). Physiological load is important for optimal chondrocyte function 
and normal turnover of the cartilage ECM. However, mechanical over-
loading can result in deleterious responses in chondrocytes and may 
attenuate anabolic responses, reducing ECM production and increase 
catabolic responses, thus stimulating the synthesis of matrix degrading 
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enzymes (Loeser et al., 2012). This will inevitably result in a compro-
mised matrix. After mechanical overload, COX-2 and iNOS are activated, 
and PGE2 and NO production are increased, thus amplifying oxidative 
stress and apoptosis in chondrocytes (Mariani et al., 2014). 

9.3. Metabolic syndrome associated OA phenotype 

Metabolic syndrome is characterized by an increase in fasting plasma 
glucose concentration, and triglycerides and reduction in high-density 
lipoproteins, and/or hypertension. These factors are implicated in the 

Fig. 8. Chondrocyte metabolic characteristics in different OA phenotypes.  

Fig. 9. A comprehensive view of the metabolic shift observed in chondrocytes in the pathogenesis of OA. Under stressors, such as inflammation, metabolic syndrome, 
mechanical overload and aging, the chondrocyte undergoes a metabolic shift into a metabolically active state that is characterized by a homeostatic energy imbalance 
and aberrant metabolic pathways. This shift eventually leads to reductions in anabolism and autophagy that correspond to an increase in catabolism and apoptosis. 
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pathogenesis of OA (Dickson et al., 2019). Metabolic syndrome can 
affect OA progression by increasing adipose-derived mediators of sys-
temic inflammation. Metabolic syndrome leads to changes in lipids and 
their metabolites in plasma and synovial fluid (Rockel and Kapoor, 
2018; Zhang et al., 2016b). Advanced glycation end products (AGEs) are 
increased in the synovial fluid of diabetic patients (Oren et al., 2011). By 
directly cross-linking with collagen molecules, AGEs cause increased 
articular stiffness and tissue brittleness and are thus more prone to 
causing mechanical damage. Via engagement with the receptor for AGEs 
(RAGE), AGEs also induce oxidative stress, which leads to downstream 
to overproduction of MMP-3, MMP-13, TNF-α, and COX-2 and subse-
quent activation of the catabolic signaling pathway and chondrocyte 
apoptosis (Saudek and Kay, 2003; Yang et al., 2015). Hyperlipidemia is 
also one of the characteristics of metabolic syndrome, and a high-fat diet 
in preclinical OA models has been shown to exacerbate OA via alteration 
of the cholesterol metabolic pathway CH25H-CYP7B1-RORalpha axis in 
OA chondrocytes (Choi et al., 2019a). 

The regulation of metabolic syndrome in OA progression is complex. 
Decreased AMPK and hyperactivation of mTORC1 resulting from 
metabolic syndrome potentially represent the intrinsic regulatory fac-
tors that negatively affect chondrocytes (Dickson et al., 2019). AMPK 
knockout mice demonstrated increased degradation of cartilage in an 
OA model, whereas the AMPK activator A769669 significantly reduced 
cartilage breakdown (Terkeltaub et al., 2011; Zhou et al., 2017b). By 
suppression of chondrocyte autophagy, mTORC1 hyperactivation is 
implicated in metabolic syndrome-associated osteoarthritic progression 
(Caramés et al., 2012). In obese patients, chondrocytes respond more 
intensively to leptin, possibly due to elevated leptin levels in the joint or 
the disruption of a leptin resistance mechanism in cartilage tissue (Pallu 
et al., 2010). Leptin upregulates MMP-1, MMP-3, and MMP-13 in human 
chondrocytes in in vivo studies, suggesting that it serves as a catabolic 
signal in OA (Koskinen et al., 2011). 

9.4. Aging-associated OA phenotype 

As another pathological factor, aging is the primary contributor to 
OA progression (Varela-Eirin et al., 2018). Cellular senescence was 
originally described as a state of stable cell cycle arrest during contin-
uous cell culture (Hayflick and Moorhead, 1961). Chondrosenescence 
refers to the age-dependent deterioration of chondrocyte function and is 
intimately linked with inflammaging, which is low-grade inflammation 
that occurs during chondrocyte aging (Mobasheri et al., 2015). In the 
context of a senescent secretory and inflammatory state, senescent 
chondrocytes exhibit a highly pro-catabolic nature, and disruption of the 
interplay between autophagy and the inflammasome is observed (Sal-
minen et al., 2012). During inflammaging, the mitochondrial function of 
chondrocytes gradually declines, which is accompanied with increased 
chondrocyte apoptosis and decreased autophagy (Blanco et al., 2018). In 
aging articular cartilage, chondrocytes exhibit an age-related decline in 
proliferative and synthetic capacity while maintaining the ability to 
produce pro-inflammatory mediators and matrix degrading enzymes 
(Loeser, 2009). As a degenerative factor, aging leads to mitochondrial 
respiratory complex dysfunction and increased ROS production, result-
ing in mtDNA damage followed by mutations that compromise mito-
chondrial protein function and further increase ROS production. 
Moreover, excessive ROS induces a senescent phenotype in cells 
(Goldring and Otero, 2011; Wiley and Campisi, 2016). During cellular 
senescence, elevated glycolysis corresponds with increased extracellular 
acidification, which is primarily due to the increased production of 
lactate and is consistent with findings reported in OA chondrocytes 
(Konttinen et al., 2002; Mookerjee et al., 2015). 

10. Potential therapeutic strategies 

Targeting the glycolytic switch, especially the glucose transporters 
and regulatory enzymes involved in this metabolic adaptation is 

challenging but it may have a potential therapeutic relevance in OA. 
Icariin (ICA) treatment elevates the expression of GLUT1 and other 
glycolytic enzymes and eventually promotes anaerobic glycolysis in 
chondrocytes from OA cartilage, increasing cell viability. Thus, ICA 
represents a potential experimental treatment for OA (Wang et al., 
2019). PKM2 knockdown suppresses glycolysis of chondrocytes and 
proliferation in OA cartilage and promotes apoptosis, which indicates 
PKM2 may be a therapeutic target for OA (Yang et al., 2018). Hexoki-
nase 2 is a glucose sensor and has been identified as novel metabolic 
target for rheumatoid arthritis (RA), and it has not been studied in OA 
(Bustamante et al., 2018). Fructose-2,6-bisphosphatase 3 (PFKFB3) is 
down-regulated in human OA cartilage tissues and transfection of 
AdPFKFB3 also significantly reduces caspase 3 activation and promotes 
aggrecan and type II collagen expression in OA cartilage explants and 
chondrocytes, which is a potential target for OA prevention or therapy 
(Qu et al., 2016). LDHA inhibitor FX11 reduced gene expression of 
catabolic genes independent of NF-κB activity, and reduces the catabolic 
response of human articular cartilage (Arra et al., 2020). Moreover, 
glycolytic inhibitor 2-deoxy-D-glucose (2-DG) inhibits OA-associated 
basic calcium phosphate crystals (BCP)-induced pro-inflammatory ef-
fects in macrophages (Mahon et al., 2020). 

Small molecules targeting mitochondrial dysfunction in chon-
drocytes of OA cartilage may have a potential therapeutic effect. By 
targeting SOD3, BNTA induces SOD3 expression and superoxide anion 
elimination in chondrocyte cultures derived from OA cartilage, and 
intra-articular injection of BNTA delays the disease progression in a 
trauma-induced rat model of OA (Shi et al., 2019). Several natural 
products such as curcumin and N-acetyl cysteine (NAC), also play a role 
in ROS scavenging, exhibit an antioxidant effect and slow OA progres-
sion (Crivelli et al., 2019; Kaneko et al., 2019; Zhang et al., 2016d). 

Targeting molecules (AMPK, mTOR and HIFs) involved in metabolic 
regulation may also show promising therapeutic effects. Metformin is an 
AMPK activating drug that has been shown to have chondroprotective 
effects by decelerating OA development and progression, highlighting 
its potential utility in clinical applications and OA treatment (Li et al., 
2020a, b). Other potential AMPK signaling pathway activators such as 
puerarin, butein, quercetin, active vitamin D, protein DX, magnolol, 
asiatic acid may also have potential therapeutic effect on OA (Ansari 
et al., 2018; Feng et al., 2019; Kong et al., 2020; Liu et al., 2020a, c; Piao 
et al., 2020; Wang et al., 2018b). By inhibition of PI3K/AKT/mTOR 
pathway, rapamycin promotes autophagy of articular chondrocytes, and 
attenuates inflammatory responses in rats with OA (Xue et al., 2017). 
Rapamycin also protects chondrocytes against IL-18-induced apoptosis 
and ameliorates rat OA, and therefore inhibition of the mTOR pathway 
could be beneficial in the treatment of OA (Bao et al., 2020). HIFs are 
also important metabolic targets for developing new therapeutic ap-
proaches in OA. Intra-articular administration of BMS-345541, (4 
(2′-aminoethyl) amino-1, 8-dimethylimidazo (1,2-a) quinoxaline) as a 
selective inhibitor of the subunits of IκBα kinase (IKK), may suppress the 
development of OA by downregulating signaling through the 
NF-κB-HIF-2α axis (Murahashi et al., 2018). Via modulation of the 
NF-κB/HIF-2α axis, chemically modified curcumin (CMC2.24) alleviates 
OA progression by restoring cartilage homeostasis and inhibiting 
chondrocyte apoptosis (Zhou et al., 2020). Moreover, ICA treatment 
promotes chondrocyte vitality by promoting HIF-1α expression and 
anaerobic glycolysis, which may also a potential and novel treatment for 
OA (Wang et al., 2019). 

11. Conclusions 

The evidence presented in this literature review suggests that 
metabolic alterations in chondrocytes contribute to the pathogenesis 
and progression of OA. Mitochondrial dysfunction caused by the vicious 
cycle of ROS production and mtDNA damage reflects the imbalanced 
energetic and metabolic state that disrupts homeostasis, altering the 
balance between catabolic and anabolic activity, and eventually leading 
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to cartilage degeneration. A metabolic shift towards anaerobic glycolysis 
represents an attempt to regain energy to restore metabolic homeostasis 
and meet the requirements of survival in an altered micro-environment, 
generating sufficient ATP for the biosynthesis of proinflammatory and 
degradative proteins under stressful conditions (Fig. 8). Given the het-
erogeneity of OA clinical phenotypes and the underlying molecular 
endotypes of the disease, the phenotypic metabolic shift in OA chon-
drocytes is likely to be an area common to several mechanistic 
endotypes. 

12. Future directions 

Chondrocyte metabolic alterations have been identified in OA by 
previous research. However, the identification and validation of meta-
bolic biomarkers and further alterations in specific metabolic pathways 
warrant further investigation. Metabolomic analysis already provides 
insights to possible metabolic pathway alterations in OA. Future studies 
on metabolic alterations in chondrocytes during OA progression should 
specifically focus on a particular phenotype and the molecular pathways 
that are impacted by relevant intrinsic or extrinsic stressors. Further 
studies are needed to assess disease-relevant alterations in specific 
components of metabolic pathways and key regulatory enzymes in 
glycolysis, the TCA cycle, and lipid and amino acid metabolic pathways 
and how these various processes interact during OA progression. Future 
investigations should combine high-spatial-resolution multi-omics atlas 
sequencing, proteomics, metabolomics and lipidomics for deep pheno-
typing in OA (Liu et al., 2020b). This approach will unravel the 
phenotypic heterogeneity and cross-talk between chondrocytes, syno-
viocytes and subchondral bone as well as joint-resident cells of the im-
mune system. Once the spatial differences in gene expression and 
metabolites in the OA joint can be fully identified, the altered immu-
nometabolic mechanisms involved in cartilage degeneration can be 
unveiled. It will also be interesting and important to evaluate the pos-
sibility of reversed metabolic shifts in interventions that are known to be 
effective for OA (i.e. combined weight loss and physical exercise, 
osteotomy and joint distraction) and in response to experimental drugs 
that have impacts on cell metabolism, including senolytic drugs and 
biological drugs that target cytokine receptors or promote activation 
growth factor pathways. Future research should place greater emphasis 
on immunometabolism as a means to understand the pathophysiology of 
OA. 
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Jónasdóttir, H.S., Brouwers, H., Kwekkeboom, J.C., van der Linden, H.M.J., Huizinga, T., 
Kloppenburg, M., Toes, R.E.M., Giera, M., Ioan-Facsinay, A., 2017. Targeted 
lipidomics reveals activation of resolution pathways in knee osteoarthritis in 
humans. Osteoarthr. Cartil. 25, 1150–1160. https://10.1016/j.joca.2017.01.018. 

June, R.K., Liu-Bryan, R., Long, F., Griffin, T.M., 2016. Emerging role of metabolic 
signaling in synovial joint remodeling and osteoarthritis. J. Orthop. Res. 34, 
2048–2058. https://10.1002/jor.23420. 

Jutila, A.A., Zignego, D.L., Hwang, B.K., Hilmer, J.K., Hamerly, T., Minor, C.A., Walk, S. 
T., June, R.K., 2014. Candidate mediators of chondrocyte mechanotransduction via 
targeted and untargeted metabolomic measurements. Arch. Biochem. Biophys. 545, 
116–123. https://10.1016/j.abb.2014.01.011. 

Kalev-Zylinska, M.L., Hearn, J.I., Rong, J., Zhu, M., Munro, J., Cornish, J., Dalbeth, N., 
Poulsen, R.C., 2018. Altered N-methyl D-aspartate receptor subunit expression 

causes changes to the circadian clock and cell phenotype in osteoarthritic 
chondrocytes. Osteoarthr. Cartil. 26, 1518–1530. https://10.1016/j.joca.2018.06 
.015. 

Kaneko, Y., Tanigawa, N., Sato, Y., Kobayashi, T., Nakamura, S., Ito, E., Soma, T., 
Miyamoto, K., Kobayashi, S., Harato, K., Matsumoto, M., Nakamura, M., Niki, Y., 
Miyamoto, T., 2019. Oral administration of N-acetyl cysteine prevents osteoarthritis 
development and progression in a rat model. Sci. Rep. 9, 18741. https://10.1038 
/s41598-019-55297-2. 

Kapoor, M., Martel-Pelletier, J., Lajeunesse, D., Pelletier, J.-P., Fahmi, H., 2011. Role of 
proinflammatory cytokines in the pathophysiology of osteoarthritis. Nat. Rev. 
Rheumatol. 7, 33–42. https://10.1038/nrrheum.2010.196. 

Karonitsch, T., Kandasamy, R.K., Kartnig, F., Herdy, B., Dalwigk, K., Niederreiter, B., 
Holinka, J., Sevelda, F., Windhager, R., Bilban, M., Weichhart, T., Säemann, M., 
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