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Osteoarthritis is a common age-related joint degenerative disease. Pain, swelling, brief
morning stiffness, and functional limitations are its main characteristics. There are still no
well-established strategies to cure osteoarthritis. Therefore, better clarification of
mechanisms associated with the onset and progression of osteoarthritis is critical to
provide a theoretical basis for the establishment of novel preventive and therapeutic
strategies. Chondrocytes exist in a hypoxic environment, and HIF-1α plays a vital role in
regulating hypoxic response. HIF-1α responds to cellular oxygenation decreases in tissue
regulating survival and growth arrest of chondrocytes. The activation of HIF-1α could
regulate autophagy and apoptosis of chondrocytes, decrease inflammatory cytokine
synthesis, and regulate the chondrocyte extracellular matrix environment. Moreover, it
could maintain the chondrogenic phenotype that regulates glycolysis and the
mitochondrial function of osteoarthritis, resulting in a denser collagen matrix that delays
cartilage degradation. Thus, HIF-1α is likely to be a crucial therapeutic target for
osteoarthritis via regulating chondrocyte inflammation and metabolism. In this review,
we summarize the mechanism of hypoxia in the pathogenic mechanisms of osteoarthritis,
and focus on a series of therapeutic treatments targeting HIF-1α for osteoarthritis. Further
clarification of the regulatory mechanisms of HIF-1α in osteoarthritis may provide more
useful clues to developing novel osteoarthritis treatment strategies.
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1 INTRODUCTION

Osteoarthritis (OA), the most common reason for joint disease, is an age-related joint degenerative
disease and the leading cause of laboral disability in older adults (Guillen et al., 2021). The main
clinical characteristics of patients with OA include pain, swelling, brief morning stiffness, and
functional limitations. These symptoms will decrease their quality of life and affect their social ability
(Hunter and Bierma-Zeinstra, 2019). The data indicated that the knee is the most affected joint of
OA, followed by the hand and hip (Bijlsma et al., 2011). The prevalence of symptomatic OA is much
higher than radiographic OA, and woman is more than men (Nelson, 2018). In 2021, it was reported
that more than 240million people worldwide suffer from OA, including an estimated more than 32
million in the United States (Katz et al., 2021). It is expected to continue with increased life
expectancy and the aging of the global population grows by a certain amount every year (Xie et al.,
2021). At the end stage of OA, these patients require total joint replacement and rehabilitation to
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reconstruct joint function, which will carry a huge financial
burden on family and country (Benderdour et al., 2015).

OA can be subdivided into primary OA and secondary OA.
Genetic factors, aging, mechanical loading, metabolic disorders,
hormonal alterations are mainly risks of primary OA (Zheng
et al., 2021). Secondary OA is caused by underlying predisposing
factors, such as trauma and surgery (Taruc-Uy and Lynch, 2013).
Most degenerative OA belongs to primary OA and involves the
whole joint. The main pathological changes include cartilage
erosion, synovial inflammation, and subchondral sclerosis with
osteophyte formation (Salgado et al., 2020). Clinically, the main
treatments for degenerative OA are pharmacotherapy,
physiotherapy, surgery, and rehabilitation (Sharma, 2021),
such as nonsteroidal anti-inflammatory drugs, extracorporeal
shock wave therapy, total knee replacement and strengthening
exercise (Sharma, 2021). In addition, recent research found that
telomere shortening may through inflammation contribute to
OA, which could be an epigenetic factor of OA in the future
(Fragkiadaki et al., 2020). However, the most effective treatments
for degenerative OA will be drugs targeting the conditions that
accelerate disease progression rather than the chondroprotective
agents preventing the initiation of damage (Burr and Gallant,
2012).

In recent years, more and more evidence has shown that
inflammation takes center stage in the pathogenesis of
degenerative OA. Damaged chondrocytes, under the
stimulation of pro-inflammatory cytokines (IL-6, IL-8, and
TNF-α), nitric oxide (NO), as well as prostaglandins exhibit a
transient proliferative response and increased matrix synthesis,
such as matrix metalloproteinases (MMPs), collagen II, aggrecan,
proteoglycan (Boulestreau et al., 2021). In addition, two kinds of
major enzymes: MMPs and ADAMTSs (a disintegrin and a
metalloprotease with thrombospondin motifs), are implicated
in the degradation of a matrix in the degenerative cartilage
(Wang and He, 2018; Yunus et al., 2020). The continuous
production of proteases driven by proinflammatory cytokines
leads to extensive matrix degradation and loss which stimulates
chondrocytes to produce more cytokines and proteases in an
autocrine and paracrine manner (Yunus et al., 2020). At the early
stages of degenerative OA, the main change is the altered
molecular composition and organization in the extracellular
matrix. During the progressive stages of degenerative OA,
severe inflammation leads to the gradual deterioration of
articular cartilage, thickening of the subchondral plate, and
osteophyte formation (Xia et al., 2014).

Hypoxia-inducible factor-1 α (HIF-1α) is a highly conserved
transcription factor that responds to cellular oxygenation
decreases in tissue (Warbrick and Rabkin, 2019). In hypoxia
cells, HIF-1α induces the switch from oxidative to glycolytic
metabolism, which involves changes in the expression of
encoding metabolic enzymes, transporters, and mitochondrial
proteins involved in glucose metabolism (Semenza, 2014).
Moreover, HIF-1α plays a key role in increasing the synthesis
of the key pro-inflammatory cytokine IL-1β (Scholz and Taylor,
2013). Catabolic stresses, IL-1β, and oxidative stress induce the
expression of HIF-1α in chondrocytes (Yudoh et al., 2005). The
accumulation of the HIF-1α protein was detected as early as 4 h

after initiation of treatment with IL-1β and correlated with the
concentration and exposure time with treatment of IL-1β. The
treatment of OA and decreasing IL-1β in chondrocytes can
significantly downregulate HIF-1α gene expression (Malkov
et al., 2021). HIF-1α expression was explicitly observed in
mature and hypertrophic chondrocytes, and the activity of
HIF-1α was enhanced (Shirakura et al., 2010). In hypoxia
condition, OA chondrocytes had significantly lower expression
of MMPs and ADAMTSs (Markway et al., 2013). Therefore, HIF-
1α plays a vital role in the pathological mechanism of OA,
suggesting that HIF-1α may be an effective therapeutic target
for degenerative OA.

In this review, we explore knowledge regarding the activation
of the HIF-1α and its pivotal role in pathogenic mechanisms of
degenerative OA. In addition, we introduce several OA
treatments that target the HIF-1α pathway. We focus on the
four aspects of molecular mechanisms of HIF-1α and OA: the
regulation and function of HIF-1α; the relationship between
hypoxia and OA; the important signal pathway for HIF-1α
and OA; application of therapies targeting the HIF-1α in the
treatment of OA. By summarizing recent advances in research to
characterize the relationship between OA and survival and
growth of chondrocytes, and the potential involvement of
HIF-1α transcription factors in the disease process, we
highlight avenues for further research and potential
therapeutic targets for this disease.

We used “osteoarthritis,” “HIF-1α,” “hypoxia,” “mechanism,”
“inflammation,” and “treatment” as keywords. Then we searched
PubMed, CINAHL, and the web of science for methodological
papers on articles from July 1988 to April 2022, especially recently
5 years. Having examined 923 full articles, we finally selected 230
articles for this review.

2 REGULATION AND FUNCTION OF HIF-1α

2.1 Structure of HIF-1α Protein
HIF-1α is a transcriptional factor encoded by the HIF-1α gene
located within chromosome 14q21-24, which consists of 826
amino acids, and was regulated by hypoxia signal (Fernandez-
Torres et al., 2017a). HIF-1α has an oxygen-dependent
degradation domain (ODDD), which contains two sites for
hydroxylation, Pro 402 and Pro 564, and each site contains a
conserved LXXLAPmotif (Ke and Costa, 2006). ODDD is located
in the central region of HIF-1α, which is the main domain to
mediate oxygen-regulated stability (Bruick and McKnight, 2001).
In addition, the HIF-1α subunit contains TAD-N and TAD-C
(N- terminal transactivation domains and C-terminal
transactivation domains) bridged by an inhibitory domain
(Ruas et al., 2002). The TAD-N overlaps with the ODDD and
is continuous with protein stability. The TAD-C interacts with
coactivators such as p300/CBP, independent of protein stability
(Lee et al., 2004). In normoxic conditions, Fe2+ and 2-
oxoglutarate as co-factors, HIF-1α is hydroxylated by a family
of prolyl-hydroxylase (PHD) on Pro402 and Pro564 (Fernandez-
Torres et al., 2017a). This hydroxylation process allows the
hydroxylated HIF-1α recognition by the von Hippel-Lindau
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tumor suppressor protein (pVHL). Then HIF-1α protein
becomes ubiquitylated and is subject to rapid degradation by
the process of pVHL mediated ubiquitin-proteasome pathway
(Lee et al., 2004). In hypoxic conditions, due to the decreased
activity of PHDs inhibiting hydroxylation and inactivation of
pVHL, HIF-1α escapes proteasomal degradation (Yang et al.,
2019b). Stabilized HIF-1α binds with p300/CBP, steroid receptor
coactivator-1 family coactivators, nuclear redox regulator Ref-1,
and molecular chaperon heat shock protein 90 to increase
transcriptional activity (Weidemann and Johnson, 2008),
which will increase HIF-1α protein stability and thereby
regulate the adaptive cellular response to hypoxia (Figure 1).
However, when hypoxic cells reoxygenate, accumulated HIF-1α
degrades rapidly, and the rate of HIF-1α degradation depends on
the duration of hypoxic stress (Berra et al., 2001).

The central role of HIF-1α in hypoxia-induced transcription is
involved in various cellular processes, such as embryonic
development, metabolism, cell proliferation, inflammation, and
angiogenesis (Marmorstein and Simon, 2015). It could regulate
macrophage survival and differentiation, neutrophil survival,
T-cell differentiation, and dendritic cell function (Scholz and
Taylor, 2013). HIF-1α regulates the hypoxic response by
controlling genes with metabolic functions, such as glucose
transport and metabolism, angiogenic factors like vascular
endothelial-derived growth factor (VEGF), proteins of the cell
cycle, and apoptotic machinery (Schipani, 2005). Analysis of
knockout mice has shown that HIF-1α is required for
embryonic development and survival (Semenza, 2001). A
study showed that HIF-1α deficient mouse embryos arrest in

their gestation development and die with severe cardiovascular,
massive cell death and neural tube defects (Iyer et al., 1998). In
addition, HIF-1α deficiency significantly altered the quality and
quantity of mouse embryonic stem cells derived cardiomyocytes
(Kudova et al., 2016), decreased the aggrecan and type-II collagen
in nucleus pulposus (Wu et al., 2013), reduced the population of
chondrocytes in the growth plates and affected endochondral
ossification (Hong et al., 2021).

2.2 Regulation of HIF-1α in Diseases
Growth factors induce HIF-1α protein translation of hypoxia, and
hypoxia is associated with decreased degradation of HIF-1α (Lee
et al., 2004). It has been well characterized that PI3K/AKT
pathway and MAPK pathway are central downstream
signaling pathways of growth factors (Zhan et al., 2015).
Growth factors bind to receptor tyrosine kinase and activate
the PI3K and MAPK pathways (Lee et al., 2004). Then, PI3K
activates its downstream AKT and PKA and positively regulates
HIF-1α at the protein level (Zhang et al., 2018c). In the MAPK
pathway, growth factors activate RAS and its downstream,MAPK
andMEK. TheMAPK has been correlated with TAD-C activity as
enhanced activation of MAPK increases HIF-1α-mediated
transactivation (Lisy and Peet, 2008). These two signal
pathways could phosphorylate HIF-1α in vitro and vivo
(Richard et al., 1999; Kietzmann et al., 2016). Under
conditions of hypoxia, PHDs activity decreases, which can
stabilize HIF-1α and accumulate in the cytoplasm to be
phosphorylated by MAPK or PI3K (Fan et al., 2014). When
oxygen levels were lower than 6%, phosphorylated HIF-1α could

FIGURE 1 |Molecular mechanisms of HIF-1α degradation and stability. In normoxic conditions, with Fe2+ and 2-oxoglutarate, HIF-1α is hydroxylated by PHDs on
Pro402 and Pro564, which allows the HIF-1α recognition by pVHL. Then HIF-1α protein is subject to rapid degradation by the pVHL mediated ubiquitin-proteasome
pathway. In hypoxic conditions, due to the decreased activity of PHDs and inhibited hydroxylation and inactivation of pVHL, HIF-1α escapes proteasomal degradation.
Stabilized HIF-1α binds with p300/CBP to increase transcriptional activity, which increases HIF-1α protein stability and thereby regulates transcriptional activation.
bHLH, basic helix–loop–helix; HIF-1α, Hypoxia-inducible factor-1 α; ODDD, oxygen-dependent degradation domain; PAS, Per-ARNT-Sim homology; PHD, prolyl
hydroxylase; pVHL, von Hippel-Lindau tumor suppressor protein; TAD-N, N-terminal transactivation domains; TAD-C, C-terminal transactivation domains.
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migrate to the nucleus where it binds to HIF-1β to form the
complex (HIF-1α + HIF-1β). Then complex binds to hypoxia
response elements (HREs) to form the [(HIF-1α + HIF-1β) +
HREs] complex (Losso and Bawadi, 2005), which will initiate
transcription and upregulate HIF-1α activity (Kobayashi et al.,
2017). This functionally active transcriptional complex promotes
the regulation and expression of HIF-dependent adaptive genes,
such as bone morphogenetic protein 2 (BMP2), BCL2 and
adenovirus E1B 19-kDa-interacting protein 3 (BNIP3),
erythropoietin (EPO), glucose transporter 1 (GLUT1), heme
oxygenase-1 (HMOX-1), inducible nitric oxide synthase
(iNOS), MMPs, SOX-9, VEGF (Patra et al., 2019) (Figure 2).

BMP2 is one of the main chondrogenic growth factors
involved in cartilage regeneration (Zhou et al., 2016). HIF-1α
could regulate BMP-induced chondrogenic differentiation,
osteogenic differentiation, and endochondral bone formation
(Zhou et al., 2015). BNIP3 is a protein with homology to
BCL2 in the BH3 domain, inducing cell death and autophagy
(Zhang andNey, 2009). HIF-1α/BNIP3mediatedmitophagy is an
important pathway for treating myocardial ischemia, cancer, and
chronic inflammatory diseases (Zhang et al., 2019b). HIF-1α
regulates EPO production in the kidney. Inhibiting HIF-PHD
in chronic kidney disease could lead to increased EPO production
and better iron absorption, ameliorating anemia (Voit and
Sankaran, 2020). GLUT1 location at the blood-brain barrier

mainly regulates diabetes and nervous system diseases (Koch
and Weber, 2019). Hypoxia enhances the expression of HIF-1α,
prolongs GLUTI gene expression, and protects septic
cardiomyocytes (Bateman et al., 2007). As a downstream
target of the transcription factor HIF-1α, Hmox1 could
promote effective glucose utilization to limit ischemia-induced
tissue necrosis and autoamputations in skeletal muscle (Dunn
et al., 2021). Pulmonary fibrosis cellular and vascular changes in
the retina are correlated with impaired iNOS (Miller et al., 2013;
Kseibati et al., 2020). HIF-1α contributes to the induction of iNOS
under hypoxia, and the expression of iNOS could inhibit the
activity of HIF-1α (Yang et al., 2002; Wilmes et al., 2020). MMPs,
cleaves, and rebuild connective tissue components mediate
inflammation in OA and rheumatoid arthritis (Zitka et al.,
2010). The hypoxia-mediated differential change of MMP-1
and MMP-13 expression in IL-1β-stimulated arthropathies
depended on HIF-1α expression (Lee et al., 2012b). As the key
transcription factor controlling collagen II and aggrecan
expression, SOX-9 could promote chondrocyte differentiation
and proliferation (Lafont, 2010). Hypoxia upregulates SOX-9
expression in chondrocytes in a HIF-1α-dependent manner (Li
et al., 2018). VEGF, vital in vasculogenesis and angiogenesis, has
been demonstrated to be important in the molecular pathogenesis
of tumor growth and metastasis related to myocardial ischemia
and retinopathy associated with several blinding eye diseases

TABLE 1 | Regulation of HIF-1α as potential therapeutic options for OA.

Regulators Tissue (cell) type Effects Reference

Hyaluronic acid Rat articular cartilage Potentiates the synthesis of ECM, promotes the redifferentiation of rat articular
chondrocytes and the synthesis of hyaline cartilaginous ECM

Ichimaru et al.
(2016)

Pentosan
polysulfate

Dog articular chondrocytes Inhibits IL-1β-induced iNOS, c-Jun, and HIF-1αmRNA upregulation, inhibits IL-1β
+ TNF-α + LPS-induced iNOS protein expression

Bwalya et al.
(2017b)

Mg2+ Human cartilage and synovium explants, rat
articular cartilage

Reduces the expression of IL-6 and MMP-13, enhances the expression of HIF-1α
and SOX-9, reduces the expression of NF-κB, promotes cartilage matrix
synthesis, suppresses synovial inflammation

Yao et al. (2019)

Mg2+ and
Vitamin C

Mice articular cartilage Alleviate structural degeneration, prevent cartilage degeneration, promote
cartilage matrix synthesis, suppress the expression of IL-6 and MMP-13, alleviate
pain-related animal behaviors, ameliorate inflammation-induced pain, inhibit
osteophytes formation

Yao et al. (2021)

FBW7 Human articular cartilage Contributes to the production of collagen II, aggrecan, and SOX-9, inhibits the
expression of collagen I and Runx-2, and protects the chondrocyte viability

Zhu et al. (2020)

Mechanical
stimulation

Rat articular cartilage Decreases aggrecan and ADAMTS-5, control cartilage homeostasis Shimomura et al.
(2021)

miR-144-3p Human chondrocyte Increases mitochondrial fusion Song et al. (2017)
miRNA-411 Human chondrocyte Promotes chondrocyte autophagy Yang et al. (2020)
CircRNA-UBE2G1 Human normal chondrocyte Reduces the expression of pro-inflammatory cytokines (IL-1β, IL-6, and TNF-α) Chen et al. (2020)
Agnuside Rat articular cartilage Relieves the state of hypoxia, alleviates synovitis and fibrosis Zhang et al. (2021b)
Casticin Rat articular cartilage Improves hypoxia and inflammation in synovium tissue, as well the synovial

fibrosis in rats
Li et al. (2020b)

Vitexin Human cartilage tissue Inhibits PGE2 and NO production, inhibits HIF-1α expression, inhibits
inflammatory responses

Yang et al. (2019a)

Baicalin Mouse articular cartilage Promotes ECM synthesis and marker genes (SOX-9, aggrecan, collagen II, MMP-
9, MMP-13, ADAMTS-5) expression in chondrocytes

Wang et al. (2020c)

Icariin Murine chondrocyte Inhibits PHD activity, increases chondrocyte proliferation, differentiation, and
integration with subchondral bone formation, promotes articular cartilage
repairment

Wang et al. (2016)

Icariin Mice chondrocyte Increases chondrocyte ECM synthesis, maintains chondrocyte morphology,
promotes anaerobic glycolysis metabolism

Wang et al. (2020b)

ADAMTS, a disintegrin and a metalloprotease with thrombospondin motifs; ECM, extracellular matrix; LPS, lipopolysaccharide; IL, interleukin; iNOS, inducible nitric oxide synthase; MMP,
matrix metalloproteinase; PGE2, prostaglandin E2; PHD, prolyl-hydroxylase; TNF-α, tumor necrosis factor-α.
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(Apte et al., 2019). The increase of HIF-1α promotes VEGF
expression and blood vessel production (Zhang et al., 2018a).

Currently, researchers have concentrated on the role of HIF-
1α in numerous diseases. HIF-1α plays an important role in
several diseases, such as cancer, cardiovascular disease,
nephropathy, mood disorder, and musculoskeletal disorders.
Moreover, regulating the expression and activity of HIF-1α
exhibits potent therapeutic effects in those diseases. In chronic
inflammatory diseases, HIF-1α stabilization helps the host
apparent prolonged mycobacterial infection via neutrophil
activation (Schild et al., 2020). Yudoh et al. (2005) found that
HIF-1α can protect chondrocytes from cell death induced by pro-
inflammatory cytokines. Furthermore, HIF-1α could regulate
chondrogenesis by regulating SOX-9 expression at the genetic
level and also regulate both autophagy and apoptosis of OA
chondrocytes (Zhang et al., 2015b). Therefore, it is important to
summarize the mechanisms of the HIF-1α in OA and potential
treatments targeting the HIF-1α in OA.

3 EVIDENCE FOR HYPOXIA AND
OSTEOARTHRITIS

3.1 Hypoxia and Articular Cartilage
Due to the microstructure of the joint, chondrocytes have existed
in a hypoxic environment for a long time (Yudoh et al., 2005).
Cartilage is relatively thick, and it is estimated that chondrocytes

of the joint surface expose to approximately 6%–10% oxygen,
whereas chondrocytes from the deepest layers of the articular
cartilage may have access to only 1%–6% oxygen in cartilage
(Kiaer et al., 1988). Oxygen is a critical parameter proposed to
modulate chondrocyte metabolic activity (Strobel et al., 2010).
The majority of the chondrocyte’s energy requirements come
from glycolysis, with little energy from oxidative phosphorylation
(Archer and Francis-West, 2003). As oxygen levels dropped, O2-
dependent mitochondrial oxidative phosphorylation was
inhibited, contributing to the fall in glycolysis and ATP.
Hence, matrix synthesis is less (Kierans and Taylor, 2021).
Matrix of articular cartilage consists largely of collagen
(especially collagen type II) and the large aggregating
proteoglycan, aggrecan, containing poly-sulphated side chains,
which are avascular, hyperosmotic acidic (Gibson et al., 2008).
Compared with oxygen level at 20%, 2% oxygen level increases
collagen I and II content, tensile modulus, and compressive
properties (Schipani, 2010). The mature chondrocytes are
more sensitive to hypoxia, and higher-level hypoxia can
induce endoplasmic reticulum stress, followed by chondrocytes
apoptosis (Huang et al., 2017).

3.2 Hypoxia and Osteoarthritis
Hypoxia and inflammation persistently exist in the pathological
progress of knee OA (Zhang et al., 2019a). In the late stage of OA,
due to increased oxygen usage by the synovial membrane of OA, the
joint cartilage cells are partially deprived of their oxygen supply

FIGURE 2 | Schematic representation of HIF-1α activation signaling pathway. Under hypoxia conditions, growth factors bind to receptor tyrosine kinase, and
activate the PI3K and MAPK pathways. Then PI3K and MAPK activate their downstream AKT and MEK, which phosphorylate HIF-1α. Phosphorylated HIF-1α
translocates to the nucleus, where it binds to HIF-1β and HREs to form the [(HIF-1α + HIF-1β) + HREs] complex. This functionally active transcriptional complex promotes
regulation and expression of HIF-dependent adaptive genes, upregulates HIF-1α activity, and regulates many target receptors, such as BMP2, BNIP3, EPO,
GLUT1, HMOX-1, iNOS, MMPs, SOX9, and VEGF. BMP2, bone morphogenetic protein 2; BNIP3, BCL2 and adenovirus E1B 19-kDa-interacting protein 3; EPO,
erythropoietin; GLUT1, glucose transporter 1; HIF-1α, Hypoxia-inducible factor-1α; HMOX-1, heme oxygenase-1; HREs, hypoxia response elements; iNOS, inducible
nitric oxide synthase; MMPs, matrix metalloproteinases; VEGF, vascular endothelial-derived growth factor.

Frontiers in Pharmacology | www.frontiersin.org July 2022 | Volume 13 | Article 9271265

Zeng et al. HIF-1α in Osteoarthritis

https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


(Svalastoga and Kiœr, 1989). The concentrations of oxygen within
the cartilage matrix gradually diminish with increasing proximity to
the calcified cartilage layer, and this is particularly relevant inmature
cartilage (Mobasheri et al., 2002). In addition, hypoxia upregulated
genes associated with chondrocyte differentiation and induced
phenotypic changes consistent with chondrocyte lineage
progression (Robins et al., 2005). Synovial fluids from joints of
patients with OA have less oxygen than synovial fluids from healthy
joints. Furthermore, synovitis could drive the extent of angiogenesis
and inflammation under low oxygen tensions (Bonnet, 2005). In the
tissue of patients with OA, both cartilage and subchondral bone
show signs of hypoxia, compared to normal bone obtained
postmortem (Chang et al., 2014). Low oxygen will enhance in
vivo chondrogenesis of rat mesenchymal stem cells (Murphy
et al., 2009). It may delay or inhibit terminal differentiation of
mesenchymal stem cells through induction and maintenance of
SOX9 levels (Murphy et al., 2009). Besides, in patients with OA,
reduced oxygen levels in synovial fluids will accelerate the
posttranslational modification of collagen type II, thus
contributing to the increased synthesis of collagen type II during
OA (Pfander and Gelse, 2007). Hypoxia also increased the
expression of cyclooxygenase-2 and the production of
prostaglandin E2 by OA osteoblasts, which could exacerbate the
progression of OA (Chang et al., 2014). However, severe hypoxia
may kill chondrocytes, at least in part, by altering post-translational
modifications of collagen (Yao et al., 2020). Therefore, articular
cartilage hypoxia could be a potential target for OA treatments.

4 PATHOGENESIS OF HIF-1α IN
OSTEOARTHRITIS

During cartilage energy, generation, and matrix synthesis of
chondrocytes in healthy development nor osteoarthritic
cartilage, HIF-1α has pivotal importance for the survival and
growth arrest of chondrocytes (Pfander et al., 2006). Such as the
regulation of anaerobic energy generation, glucose transport, and
matrix synthesis by articular chondrocytes could support the
metabolic requirements of proliferation following hypoxic
stimulation (Gabriely et al., 2017). In normal and OA human
chondrocytes under normoxic and hypoxic conditions, an easily
detectable level of HIF-1α protein expression could be observed
(Coimbra et al., 2004). In OA cartilage samples, there are
increased number of chondrocytes staining for the
transcription factor HIF-1α and its target genes (Grimmer
et al., 2006). Furthermore, there are the lowest oxygen levels
in deeper layers of cartilage, where HIF-1α is tonic active and
accumulated within the chondrocyte (Pfander and Gelse, 2007).
The present findings showed that patients with more severe knee
OA hadmarked higher levels of HIF-1α in their articular cartilage
and synovial fluid (Qing et al., 2017).

4.1 HIF-1α and Chondrocytes
HIF-1α is extensively localized in chondrocytes from the earlier
differentiation stages and induces initial chondrogenesis, joint
development, cartilage matrix synthesis, and cell survival (Saito
and Kawaguchi, 2010). The HIF-1α knockout rats have a massive

cell death in the center of the cartilaginous elements and a slight
delay in the process of chondrocyte differentiation at its periphery
(Schipani et al., 2001). During hypoxic and normoxic conditions,
functional inactivation of HIF-1α in IL-1β-induced OA resulted
in a significantly increased number of apoptotic chondrocytes
(Pfander et al., 2006). Moreover, HIF-1α could protect articular
cartilage by promoting chondrocyte phenotype, maintaining
chondrocyte viability, and supporting metabolic adaptation in
hypoxic conditions (Zhang et al., 2015b). The stabilization of
HIF-1α enhances the chondrogenic differentiation of progenitor
cells and minimizes chondrocyte hypertrophy (Taheem et al.,
2020). Chondrocytes are differentiated from mesenchymal stem
cells (Yao et al., 2020). Hypoxia by activating SOX-9 via HIF-1α
promotes the differentiation of mesenchymal stem cells along a
chondrocyte pathway, which is required for chondrocyte
differentiation and cartilage formation (Robins et al., 2005;
Fernandez-Torres et al., 2017b). In PHD-deficient
chondrocytes, HIF-1α induced metabolic changes could reduce
collagen synthesis and enhance collagen modifications, resulting
in a denser collagen matrix that hinders cartilage degradation
(Stegen et al., 2019). In PHD2-deficient chondrocytes, decreasing
HIF-1α levels was sufficient to reverse the increased
hydroxyproline levels, which could prevent the accumulation
of collagen remnants and normalize bone mass in an ectopic
model of endochondral ossification (van Gastel et al., 2014).

Collagen type II is produced in cartilage by proliferating
chondrocytes and the upper hypertrophic chondrocytes
(Schipani, 2010). Collagen type II degradation in chondrocytes
is represented a key characteristic of OA (Bo et al., 2018). Delivery
of a HIF-1α expression vector could increase a panel of
chondrogenic transcription factors and enhance the expression
of genes for both collagen type II and the proteoglycan aggrecan
(Taheem et al., 2020). In PHD2-deficient chondrocytes, the
collagen synthesis decreased and the total and extracellular
collagen type II content increased (Stegen et al., 2019). HIF-1α
knock-out strongly decreases aggrecan and type II collagen
expressions in murine embryos and chondrocytes (Duval
et al., 2012). In hypoxia conditions, HIF-1α could maintain
anaerobic glycolysis and thereby extracellular matrix synthesis,
including enhancing collagen type II and aggrecan of epiphyseal
chondrocytes (Pfander et al., 2003). Increasing the expression of
HIF-1α with cobalt chloride in a normoxic environment
effectively promoted the expression of SOX-9, collagen II
chain, and aggrecan in chondrocytes, which was beneficial in
promoting the maintenance of the chondrogenic phenotype (Li
et al., 2018).

4.2 HIF-1α and Molecular Composition of
Extracellular Matrix
At the early stages of KOA, the molecular composition and
organization in the extracellular matrix have altered first. The
activity of HIF-1α could regulate extracellular matrix synthesis,
mainly about anaerobic energy generation, proteoglycan
synthesis, and maintain cartilage homeostasis of articular
chondrocytes (Yudoh et al., 2005). In less partial oxygen
pressure and higher mechanical stress, chondrocytes in OA
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will produce excess mitochondrial reactive oxygen species (ROS)
(Kulkarni et al., 2021), which favor neo-cartilage hyaline matrix
formation (Ollitrault et al., 2015). The accumulation of HIF-1α is
responsible for the increased matrix deposition in the growth
plate (Weng et al., 2014), such as type II collagen and MMPs
(Pfander et al., 2004). Hypoxia could maintain low Wnt/β-
catenin signaling via HIF-1α, which decreased suppression of
ADAMTS-5 and MMP-13, then prevented chondrocyte
catabolism (Thoms et al., 2013; Bouaziz et al., 2016). The
activation of HIF-1α could promote the secretion of the
extracellular matrix and elevate the expression of genes
including SOX-9, type II collagen and aggrecan (Wang et al.,
2020c). In addition, increased HIF-1α could aggravate synovial
fibrosis via fibroblast-like synoviocytes pyroptosis in rats with
knee OA (Zhang et al., 2019a).

4.3 HIF-1α and Autophagy of Chondrocytes
Autophagy, a lysosomal degradation pathway, is an important
cellular event during chondrocyte development, which plays
both a cytoprotective and death-promoting role in the
pathogenesis of OA (Chang et al., 2013). Basal levels of
mitophagy maintain cellular homeostasis and protect cells
(Hu et al., 2020b). It has been demonstrated that HIF-1α
regulates autophagy inactivation under inflammatory stress
(Malladi et al., 2007). Lu et al. (2021) found that in a HIF-1α
elevated environment, the chondroprotective effect of
autophagy is increased. Under moderately hypoxic
conditions, cells secreted more IL-1β (Zhang et al., 2018b),
and IL-1β inhibits rat chondrocytes’ cell cycle and
proliferation rate and reduces the autophagy rate (Xue
et al., 2017). The mechanisms of HIF-1α induced autophagy
to contain modulation of the beclin-1/Bcl-2 complex (Hu
et al., 2020b). HIF-1α stabilization will promote hypoxia-
induced apoptosis via mitophagy, reducing the levels of
reactive oxygen species generated and recovering
extracellular matrix metabolic unbalance in the
chondrocytes, which could ameliorate cartilage degradation
in the mice OA model (Hu et al., 2020b). Moreover, HIF-1α
promotes chondrocytes apoptosis and autophagy via
depressing Bcl-2, modulating the autophagic proteins and
caspase-8 (Zhang et al., 2015a).

4.4 HIF-1α and Glycolysis of Chondrocytes
Fetal chondrocytes are highly glycolytic cells. Articular
chondrocytes appear to show a negative Pasteur effect,
whereby glycolysis falls as O2 levels drop, contributing to the
fall in ATP (Lee and Urban, 1997). Marcus found that the
glycolytic rates of chondrocytes greatly exceeded those of
HeLa cells grown under similar concentrations (Marcus,
1973). OA chondrocytes, which are metabolically activated,
rely on HIF-1 to instigate anaerobic ATP generation via
increased glucose uptake and utilization in order to
compensate for the accelerated energy consumption during
OA (Pfander et al., 2006). It is established that HIF-1α
promotes glycolysis and lactate fermentation whereas it
suppresses mitochondrial respiration by modulating either
directly or indirectly a variety of genes involved in

bioenergetics (Yao et al., 2020). HIF-1α also augments the
expression of glycolytic enzymes such as phosphoglycerate
kinase, which converts 1,3-diphosphoglycerate to 3-
phosphoglycerate during glycolysis (Semenza et al., 1994). The
[(HIF-1α + HIF-1β) + HREs] complex could increase the
expression of GLUT1, glucose-6-phosphate dehydrogenase
(G6PD), phosphoglycerate kinase 1 (PFK1), and pyruvate
dehydrogenase kinase 1 (PDK1), which promotes glucose
transfer and anaerobic glycolysis (Wang et al., 2020b). In
chondrocytes, Bone Gla Protein decreases the expression of
key gluconeogenesis enzymes-phosphoenolpyruvate
carboxykinase (PEP) and G6PD, in a HIF-1α–dependent
manner (Idelevich et al., 2011). Hypoxia through transcription
factor HIF-1α induces the expression of VEGF and EPO and
promotes glycolysis. Both could increase the delivery of oxygen
and nutrients, together with metabolic adaptations, thereby
preventing chondrocyte cell death in the growth plate (Stegen
and Carmeliet, 2019).

4.5 HIF-1α andMitochondrial Dysfunction of
Chondrocytes
Recent ex vivo studies have reported that mitochondrial
dysfunction could act as a pathogenic factor in degenerative
cartilage disease (Holzer et al., 2019). The pro-survival role of
HIF-1α in chondrocytes might be in part mediated through the
suppression of oxygen consumption by mitochondria (Long,
2019). Stimulating chondrocyte mitochondrial respiration has
a profound impact on the production and consumption of
cellular oxygen species, which results in the maintenance of
redox homeostasis (Lane et al., 2015). Mitophagy consists of
the elimination of depolarized and damaged mitochondria,
and the activation of this process could protect against
mitochondrial dysfunction, prevent ROS production and
improve chondrocyte survival under pathological conditions
(Fernandez-Moreno et al., 2022). Targeting the mitophagy
pathway in marrow mesenchymal stem cells may improve
their survival capacity and chondrogenic differentiation for
cell-based therapies in OA (Sun et al., 2021). Overexpression of
HIF-1α, through its downstream marker BNIP3, increases
mitophagy induced by hypoxia and protects bone cells from
apoptosis (Xu et al., 2021). By enhancing BNIP3 expression,
HIF-1α could alleviate hypoxia-induced apoptosis, senescence
and matrix degradation in chondrocytes through mitophagy
(Hu et al., 2020b). In addition, HIF-1α regulates the induction
of autophagy and the activity of mitochondrion by regulating
uncoupling proteins-3 (UCP-3) expression in chondrocytes,
which suppresses treatment sensitivity that promotes
chondrocyte deletion from the growth plate (Watanabe
et al., 2008).

Normal articular cartilage is hypoxic, and chondrocytes have a
specific and adapted response to a low oxygen environment. OA
articular cartilage has lower oxygen, which will lead to the
accumulation and stabilization of HIF-1α. As shown above,
the regulatory mechanisms and crucial influence of HIF-1α
and hypoxia signaling on chondrocytes is a new potential
target for OA treatment (Figure 3).

Frontiers in Pharmacology | www.frontiersin.org July 2022 | Volume 13 | Article 9271267

Zeng et al. HIF-1α in Osteoarthritis

https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


5 THE IMPORTANT SIGNAL PATHWAY
WITH HIF-1α

5.1 JAK2/STAT3
The JAK2/STAT3 signaling pathway, a basic and well-conserved
intracellular signaling cascade, can be phosphorylated under
extracellular stimulation (Zhong et al., 2021). BMP2 inducing
tyrosine kinase signaling by JAK2 phosphorylation increases the
expression of HIF-1α (Belmokhtar et al., 2011). Hypoxia-induced
HIF-1α was inhibited by STAT3 inhibitor, suggesting that the
activation of STAT3 signal-regulated HIF-1α expression in the
experimental hypoxia (Yang et al., 2022). Recently, more and
more evidence has demonstrated that the JAK2/STAT3 signaling
pathway has a therapeutic effect on OA progression (Zou et al.,
2019). The JAK2/STAT3 signaling pathway is involved in
regulating cellular responses to inflammatory factors, including
IL-1, IL-6, and MMPs (Luan et al., 2012). Zou et al. (2019) found
that the JAK2/STAT3 signaling pathway could regulate
chondrocyte metabolism and enhance oxidative stress in OA
mouse models. Danshen could decrease the levels of
phosphorylated JAK2 and phosphorylated STAT3 in OA
cartilage (Xu et al., 2018). HIF-1α induces hypoxic bone
mesenchymal stem cells to release small extracellular vesicles,
which promote the proliferation, migration, and apoptosis
inhibition of chondrocytes through the JAK2/STAT3 signaling
pathway (Rong et al., 2021). Furthermore, through JAK2/STAT3
signaling pathways, dopamine can reverse IL-1β-treated NF-κB

activation and suppress the cartilage matrix degradation in OA
model rats (Lu et al., 2019). By activating JAK2/STAT3 pathway,
HIF-1α could promote the expression of RANKL in osteocytes
and enhance osteocyte-mediated osteoclastic differentiation
in vitro (Zhu et al., 2019). Therefore, the JAK2/STAT3
signaling pathway plays a vital role in the pathophysiological
process of OA.

5.2 Mitogen-Activated Protein Kinases
Mitogen-activated protein kinases (MAPK) belong to a large
family of serine-threonine kinases, forming major cell-
proliferation signal pathways from the cell surface to the
nucleus (Dong et al., 2002). MAPK signal pathway can
activate transcription factors HIF-1α with cytoplasmic serine
phosphorylation and proteolysis connected to other signal
pathways. These pathways include the NF-κB family, Wnt
signaling pathway, and Notch signaling pathway (Hommes
et al., 2003). MAPK signal transduction pathways could be
novel anti-inflammatory targets for the inflammatory response
in eukaryotic cells (Hommes et al., 2003). MAPK signaling is
implicated in modulating the polarization of M1 macrophages,
which could regulate the production of inflammatory cytokines
(Zhou et al., 2019a). Imperatorin could suppress inducible NOS
by inhibiting the IL-1β induced activation of the ERK-MAPK
signaling pathway, reducing collagen-induced OA by reducing
synovial hyperplasia (Ahmad et al., 2020). p38/MAPK signaling
pathway mediated the hypoxia-induced VEGF production in

FIGURE 3 | Regulatory mechanisms and crucial influence of HIF-1α and hypoxia signaling on chondrocytes of OA. In less partial oxygen pressure, higher
mechanical stress, and inflammation could exacerbate chondrocyte hypoxia, which will accumulate HIF-1α and increase transcriptional activity. Activated HIF-1α via
regulating the apoptosis and autophagy of chondrocytes, the synthesis of extracellular matrix, glycolysis, mitochondrial function, and redox reactions of chondrocytes,
maintains chondrogenic phenotype, protects articular cartilage and effectively alleviates the development of OA. ADAMTSs, a disintegrin and a metalloprotease
with thrombospondin motifs; ATP, adenosine triphosphate; BNIP3, BCL2 and adenovirus E1B 19-kDa-interacting protein 3; EPO, erythropoietin; G6PD, glucose-6-
phosphate dehydrogenase; GLUT1, glucose transporter 1; HIF-1α, Hypoxia-inducible factor-1 α; HREs, hypoxia response elements; IL-6, Interleukin-6; MMPs, matrix
metalloproteinases; PEP, phosphoenolpyruvate carboxykinase; PDK1, pyruvate dehydrogenase kinase 1; PFK1, phosphoglycerate kinase 1; ROS, reactive oxygen
species; UCP-3, uncoupling proteins-3; VEGF, vascular endothelial-derived growth factor.
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chondrocytes, whereas JNK was involved in the IL-1β-induced
VEGF production (Murata et al., 2006). Moreover, in the
chondrocyte’s growth plate, the chondrocyte uses the HIF-1α
signaling pathway via regulating the VEGF expression to
promote angiogenesis and protect cartilage (Choi et al., 2011).

5.3 The Nuclear Factor Kappa B
The nuclear factor kappa B (NF-κB) family of transcription factors is
a crucial regulator of immune development, immune responses,
inflammation, and cancer (Mitchell et al., 2016). NF-κB signal
pathway has been verified to be related to numerous skeletal
diseases, such as inflammatory arthritis, OA, osteoporosis, and
bone metastasis of tumors (Novack, 2011). Especially, NF-κB has
become a therapeutic target for OA (Choi et al., 2019). Currently,
researchers found that NF-κB signaling affects cartilage matrix
remodeling, synovial inflammation, and chondrocyte apoptosis,
which has indirect regulation on downstream regulators of
terminal chondrocyte differentiation (Lepetsos et al., 2019). In
OA, the chondrocytes shift to a degradative phenotype where the
NF-κB transcription factors elicit the secretion of many degradative
enzymes, such as MMPs and ADAMTS, which lead to articular
cartilage breakdown (Rigoglou and Papavassiliou, 2013). HIF-1α has
an anti-catabolic function in the maintenance of articular cartilage
through suppression of NF-κB signaling (Okada et al., 2020). In
addition, NF-κB enhances HIF-1α expression to expand HIF-1α
regulatory potential, which leads to the more effective execution of
the host-defense response. In turn, NF-κB promotes HIF-1α
activation during hypoxia expanding its prosurvival function
(Rius et al., 2008). In the OA mouse model, Loganin ameliorates
cartilage degeneration and attenuates subchondral bone remodeling
through inhibition of NF-κB activity in chondrocytes to delay OA
development (Hu et al., 2020a). Qigu capsule, by upregulating the
NF-κB/HIF-1α signaling pathway, promotes bone formation and
osteocyte autophagy (Wang et al., 2021). Moreover, Icariin can
increase chondrocyte vitality by promoting HIF-1α expression and
anaerobic glycolysis (Wang et al., 2020b). Thus, in an oxygen-
deficient environment, through NF-κB signaling pathway to
activate the potential of HIF-1α is a critical way to delay the
development of OA.

5.4 PI3K/AKT/mTOR
PI3K/AKT/mTOR, an important and complex signaling
pathway, is related to the initiation and progression of various
diseases such as cancer, diabetes, and cardiovascular diseases (Sun
et al., 2020). HIF-1α is a known critical regulator of glucose
metabolism, positively regulated by AKT/mTOR (Liu et al.,
2021). Suppressing the PI3K/AKT/mTOR/4E-BP pathway
could be served to regulate HIF-1α expression at the
translational step (Sun et al., 2007). By increasing HIF-1α
translation, the activation of the PI3K/mTOR signaling
pathway could increase HIF-1α protein levels without altering
HIF-1α mRNA levels (Karar and Maity, 2011). Delphinidin can
specifically decrease the CoCl2 and epidermal growth factor-
induced HIF-1α protein expression by blocking the PI3K/
AKT/mTOR/p70S6K signaling pathways (Kim et al., 2017).
Inhibition of the PI3K/AKT/mTOR signaling pathway could
promote the autophagy of articular chondrocytes and

attenuate inflammation response in rats with OA (Xue et al.,
2017). In human chondrocytes, the PI3K/AKT/mTOR axis could
inhibit apoptosis and enhancement autophagy, then delay the
progression of OA (Cai et al., 2019). The dual inhibition of PI3K
and mTOR could be a promising approach to inhibit the PI3K/
Akt pathway than inhibition PI3K alone, and which could
produce better treatment outcome (Chen et al., 2013). Sun
et al. (2018) found that LncHIFCAR, via significantly
inhibiting hypoxia-induced activation of PI3K/AKT/mTOR
pathway, positively upregulates HIF-1α, VEGF, and BNIP3
inducing inflammatory response, matrix synthesis, apoptosis to
improve cell injury and promote OA development. In a word,
PI3K/AKT/mTOR signaling pathway plays a significant role in
the pathogenesis of OA, which is an essential pathway for targeted
treatment of OA.

5.5 Runx2
Runx2 belongs to the Runx family, which could regulate DNA
transcription (Komori, 2003). Runx2 is essential for osteoblast
differentiation and chondrocyte maturation (Vimalraj et al.,
2015). It could upregulate the expression of MMP-9, MMP-13,
and VEGF (Komori, 2018), and enhance chondrosarcoma cells
(Sun et al., 2009). Furthermore, Runx2-deficient mice lack
osteoblast, bone formation, and chondrocyte maturation is
markedly inhibited (Komori, 2019). Moreover, Runx2
heterozygous knockout mice exhibit loss of vascularization
and VEGF expression in hypertrophic chondrocytes, resulting
in loss of endochondral ossification (Lee et al., 2017). In bone
tissue, Runx2 can stabilize the HIF-1α structure via the
inhibition of HIF-1α ubiquitination in order to promote
angiogenesis in growth plate hypertrophic chondrocytes
(Xu, 2018). N-acetyl cysteine can attenuate hypoxia-
mediated upregulation of HIF-1α, Runx2, and osteocalcin
protein expressions, as well as inhibit extracellular matrix
calcification (Balogh et al., 2019). HIF-1α can reduce the
expression of the crucial osteogenic gene Runx2 in
normoxia (Liu et al., 2019). Through the transcriptional
regulation of Runx2, HIF-1α plays an important role in
self-repair of the glycolytic metabolism of degenerative
chondrocytes (Kong et al., 2021). Runx2 is not essential for
the HIF-1α response, but Runx2 functions together with HIF-
1α using sites within the Runx2 RUNT domain to stimulate
angiogenic gene expression in bone cells, and induce VEGF
gene expression (Kwon et al., 2011). In addition, Lee et al.
(2012a) found that Runx2 stabilizes HIF-1α through binding
to the ODDD to block the interaction between pVHL and HIF-
1α, stimulating angiogenesis in growth plate hypertrophic
chondrocytes.

In clinical and lab experiments, doctors and scientists have
explored the therapeutic mechanism of the HIF-1α protein. The
present studies found that a large number of treatments for OA
are related to HIF-1α protein, such as hyaluronic acid, pentosan
polysulfate, Mg2+, FBW7, mechanical stimulation, MicroRNA,
Circular RNAs, and Chinese Herbal Medicine. Each kind of
treatment has its corresponding therapeutic mechanism, target
tissue or cells, and special therapeutic effect on OA, as shown in
Table 1.
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6 THE TREATMENTS WITH HIF-1α IN
OSTEOARTHRITIS

6.1 Hyaluronic Acid
Hyaluronic acid (HA), a non-sulfated glycosaminoglycan, is a
major component of the extracellular matrix, which is involved in
the effects of lubricating and cushioning properties and anti-
inflammatory (Graca et al., 2020). HA could promote the
recruitment of neutrophil cells, involved in the phagocytosis of
the debris and removal of dead tissue, and the subsequent release
of TNF-α, IL-1β, IL-8 (Tavianatou et al., 2019). It has been shown
that by inhibiting MMP-13, ADAMTS5, COX-2, and NF-κB in
IL-1 stimulated chondrocytes, HA minimized cartilage loss in the
OA model (Jin et al., 2020). In the presence of both HA and
hypoxia the expression of CD44 was increased (Zhang et al.,
2021a), and CD44 activates hypoxia-inducible HIF-1α signaling
via the ERK pathway (Ryu et al., 2018). Hypoxia potentiates the
anabolic effects of exogenous hyaluronic acid by a mechanism in
which HIF-1α positively regulates the expression of CD44,
enhancing the binding affinity for exogenous HA of OA
chondrocytes (Ichimaru et al., 2016).

6.2 Pentosan Polysulfate
Pentosan polysulfate is a semi-synthetic sulfated polysaccharide
compound manufactured from beech-wood hemicellulose by
sulfate esterification of the xylopyranose hydroxyl group (Ghosh,
1999; Kumagai et al., 2010). Pentosan polysulfate significantly
enhanced chondrogenesis and proteoglycan deposition (Bwalya
et al., 2017a). In the early stages of OA treatment, pentosan
polysulfate could inhibit chondrocyte proliferation while
promoting a chondrocyte phenotype. However, the proliferative
activity of chondrocytes with subsequent phenotypic shift is short
and productive in an essential extracellular matrix component is less
(Akaraphutiporn et al., 2020). An open clinical trial showed that
pentosan treatment in patients with mild knee OA seemed to
improve clinical assessments and C2C level of cartilage
metabolism (Kumagai et al., 2010). Bwalya et al. (2017b) first
demonstrated that pentosan polysulfate is a novel inhibitor of IL-
1β-induced iNOS, c-Jun, and HIF-1α mRNA upregulation and
iNOS protein induction which could be beneficial for the
prevention and treatment of OA.

6.3 Mg2+

Mg2+ has been widely used to treat tachyarrhythmia, preeclampsia,
and orthopedic surgery (Yoshizawa et al., 2014; Huang et al., 2015).
Recent studies have found that Magnesium deficiency was
considered a major risk factor for OA development and
progression (Li et al., 2016). Proteome analysis has also indicated
that Mg-based biomaterials regulate proteins associated with cell
chondrogenesis and cartilage formation, which is beneficial for
cartilage regeneration (Martinez Sanchez et al., 2019). Yao et al.
(2019) showed that Mg2+ could enhance HIF-1α and SOX-9
expression and reduce NF-κB expression in human cartilage
tissue explant after IL-1β induction in vitro, promoting cartilage
matrix synthesis and the suppression of synovial inflammation. A
further study found that vitamin C could enhance the promotive

effect of Mg2+ on HIF-1α expression in cartilage and alleviate joint
destruction and pain in OA (Yao et al., 2021). In a word, Mg2+ may
be a cost-effective alternative treatment for OA in the future.

6.4 FBW7
FBW7, a kind of tumor suppressor, is a member of the
SKP1–cullin1–F-box protein complex and the most highly
mutated F-box protein in human cancer (Hong et al., 2016).
As an important regulator of endothelial functions, FBW7 can
promote angiogenesis, leukocyte adhesion and protect the
integrity of the endothelial barrier (Wang et al., 2013). FBW7
reciprocally regulated cell migration and angiogenesis in a HIF-
1α dependent manner (Flugel et al., 2012). The combination of
FBW7 andUsp28 could regulate Myc protein stability in response
to DNA damage (Popov et al., 2007). After DNA damage and
cellular differentiation, MDM2 and FBW7 can cooperate to
regulate the levels of the pro-proliferative △Np63α protein
(Galli et al., 2010). Zhu et al. showed that FBW7, through
suppressing HIF-1α and decreasing VEGF level, produces
collagen II, aggrecan, and SOX-9, inhibiting collagen I and
Runx-2 expression and delaying the IL-1β induced
chondrocytes degeneration (Zhu et al., 2020). Therefore,
FBW7 interacts with HIF-1α and regulates VEGF, effective
treatment for effectively delaying the process of OA.

6.5 Mechanical Stimulation
During the development of the skeletal, mechanical stimulation
plays a very important role in bone metabolism (Shea and
Murphy, 2021). The mechanical stress could be via gap
junctions transmitted, then osteocytes will release signaling
factors and activate the bone remodeling response (Liang
et al., 2021). Barcik et al. (2021) demonstrate that optimizing
the ratio between mechanical stimulation and resting could
contribute to more robust fracture healing in the future. In
cartilage, it has been established that mechanical stimulation
can greatly enhance cellular metabolic activity affect the
proteoglycan and collagen content (Zhang and Yao, 2021). An
experiment found that tensile stress of chondrocytes through
regulating HIF-1α under hypoxic conditions to maintain cartilage
homeostasis and ameliorates articular cartilage degeneration
(Shimomura et al., 2021).

6.6 MicroRNA
MicroRNA (miRNA) is a kind of non-coding RNA that is
approximately 18–25 nucleotides long (Ko et al., 2020). The
research found that miRNAs are important regulators of genes
to cartilage degeneration, inflammation, proteolytic enzyme
synthesis, autophagy, apoptosis, and signaling pathways (Cong
et al., 2017). IL-1β controls the bioavailability of proteases
responsible for OA cartilage degradation, and miR-144-3p
mimic transfection could downregulate levels of IL-1β
expression while blocking the MAPK, NF-κB, and PI3K/AKT
signaling pathways relating to IL-1β production (Lin et al., 2021).
Song et al. (2017) found that peroxisomal dysfunction will
upregulate miR-144-3p. Knocking down HIF-1α in normal
chondrocytes could suppress CRAT expression while
stimulating miR-144-3p, which provides a therapeutic strategy
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for OA. MMP-13 as a direct target gene of miR-411 in
chondrocytes, overexpression of miR-411 can inhibit the
MMP-13 expression and increase the expression of type II
collagen, type IV collagen expression chondrocytes (Wang
et al., 2015). MiRNA-411, aberrantly expressed in articular
cartilage, regulates chondrocyte autophagy in OA by targeting
HIF-1α and identifying the related molecular mechanism (Yang
et al., 2020). Thus, MicroRNAs are promising therapeutic
strategies for treating OA through the HIF-1α signal pathway.

6.7 Circular RNA
Circular RNAs (CircRNAs), covalently closed endogenous RNAs,
are noncoding RNAs characterized by a covalent loop
configuration without 5′ end caps or 3′ poly(A) tails (Ni et al.,
2021). Furthermore, circRNAs are involved in the
pathophysiological process of various diseases, such as diabetes
mellitus, neurological disorders, cardiovascular diseases, skeletal
muscle disease, and cancer (Kristensen et al., 2019).
CircRNA.33186 can significantly upregulate in IL-1β treated
chondrocytes and cartilage tissues of a destabilized medial
meniscus-induced OA mouse model (Zhou et al., 2019b).
Down-regulation of CircRNA.0001723 can suppress HIF-1α
protein expressions, autophagy, and the activation of HIF-1α
significantly reduce TNF-α, IL-1β, IL-6, and IL-18 levels in vitro
inflammation model (Li et al., 2020a). Chen et al. (2020)
demonstrated that HIF-1α overexpression could restore the
effects of circRNA-UBE2G1 downregulation on
Lipopolysaccharide-induced chondrocytes injury. Therefore,
CircRNA also could be a target for regulating OA.

6.8 Chinese Herbal Medicine
6.8.1 Agnuside, Casticin, and Vitexin
Agnuside is a non-toxic iridoid glycoside isolated from the leaf
extract of Vitex negundo (Pillarisetti andMyers, 2018), which has
effects of antioxidation, anti-inflammatory, analgesia, and
antioxidant (Ramakrishna et al., 2016; Zhang et al., 2021b).
Agnuside has a significant anti-inflammatory activity against
acute inflammation by modulating the host immune response
in rats (Pandey et al., 2012). Zhang et al. (2021b) found that
agnuside can alleviate fibrosis and synovitis in experimental knee
OA through the inhibition of HIF-1α accumulation and NLRP3
inflammasome activation.

Casticin, a polymethyl flavone with a molecular formula of
C19H18O8, is derived mainly from the Vitex species of the family
Verbenaceae (Chan et al., 2018). The main pharmacological
properties of casticin include anti-inflammatory, anticancer,
anti-asthmatic, anti-angiogenic, immunomodulatory, analgesic
activities, etc. (Chan et al., 2018). Chu et al. (2020) showed
that casticin through preventing cartilage degradation, reduces
the progression of OA. Li et al. (2020b) found that casticin can
alleviate monoiodoacetic acid-induced knee OA by inhibiting
HIF-1α/NLRP3 inflammasome activation. In addition, casticin
could significantly inhibit IL-1β-induced NO and PGE2
production, and COX-2 and iNOS expression in human OA
chondrocytes. It also suppressed the levels of TNF-α and IL-6 and
decreased the production of MMP-3, MMP-13, ADAMTS-4, and
ADAMTS-5 in IL-1β-stimulated chondrocytes (Mu et al., 2019).

Vitexin, a kind of flavonoid, has anti-oxidant, anti-
inflammatory, and anti-neoplastic effects, which have potential
treatment of cancer, cognitive deficits, depressant, analgesic,
cardiac hypertrophy arthropathies, metabolic disorder, etc. (He
et al., 2016). It is an effective inhibitor of HIF-1α (Sartori-Cintra
et al., 2012). Xie et al. (2018) demonstrated that vitexin could
inhibit both the extracellular matrix stress-activated NF-κB
pathway and the decreased apoptosis. Finally, attenuated the
progression of OA in rats (Xie et al., 2018). Yang et al.
(2019a) showed that Vitexin would alleviate IL-1β-induced
inflammatory responses in chondrocytes from OA patients,
which may be attributed partly to the inhibition of HIF-1α
pathway.

All in all, in animal experiments, Vitex species is an effective
drug for the treatment of OA, which mainly by inhibiting HIF-1α,
improving inflammation in chondrocytes to alleviate the
progression of OA. They could be considered as an effective
drug for the treatment of OA in the future.

6.8.2 Baicalin
Baicalin, a flavonoid extracted from Scutellaria baicalensis
Georgi, with the effects of antibacterial, diuretic, anti-
inflammatory, anti-metamorphosis, and antispasmodic (Yang
et al., 2018). Through upregulating the autophagy markers,
Beclin-1 expression increased autophagy. Baicalin promoted
autophagic flux, decreased the apoptosis rate induced by IL-
1β, upregulated anti-apoptotic Bcl-2 expression, and inhibited the
extracellular matrix degradation (Li et al., 2020c). Baicalin can
significantly elevate the mRNA levels of eNOS and inhibit
oxidative stress in endplate chondrocytes (Pan et al., 2017b).
Research showed that Baicalin could relieve cell apoptosis
aroused by hypoxia might be achieved through activating
Nrf2/HO-1-mediated HIF-1α/BNIP3 pathway (Yu et al., 2019).
In addition, by activating the HIF-1α/SOX-9 pathway, Baicalin
promoted extracellular matrix synthesis and had a protective
effect on mouse chondrocytes in vitro (Wang et al., 2020c).
Therefore, Baicalin can increase autophagy, reduce
chondrocyte apoptosis caused by hypoxia and delay the
progression of OA.

6.8.3 Icariin
Icariin, a typical flavonoid compound extracted from
Epimedium, has bone-protective, anticancer, and anti-
inflammatory effects (Zu et al., 2019; Wang et al., 2020a). The
study showed that Icariin is a safe and strong chondrocyte
anabolic agent that could affect the proliferation of
chondrocytes and reduce the degradation of the extracellular
matrix (Li et al., 2012). Icariin can inhibit cell migration and
proliferation, thus preventing the expression of cytokine IL-1β.
Which further reduces the inflammatory response, such as
reducing the MMP-14 expression level and inhibiting the
endoplasmic reticulum stress (Pan et al., 2017a). In recent
years, researchers gradually found that Icariin can relieve cell
damage by promoting cell proliferation and suppressing
apoptosis in oxygen-glucose deprivation-induced cells (Mo
et al., 2017). Through competition for cellular iron ions,
Icariin may likely inhibit human proline hydroxylase activity.
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Which could activate HIF-1α, and promote articular cartilage
repair through regulating chondrocyte proliferation,
differentiation, and integration with subchondral bone
formation (Wang et al., 2016). What’s more, Icariin has an
effect on promoting bone marrow stromal cell migration via
the activation of HIF-1α (Zhu et al., 2018). Wang et al. (2020b)
found that Icariin could promote HIF-1α expression and increase
the expression of glycolytic enzymes, which contribute to glucose
transfer and anaerobic glycolysis, finally facilitating chondrocyte
vitality and treating OA. In a word, Icariin can effectively increase
glycolysis, promote the proliferation of chondrocytes, slow down
inflammation, and reduce the expression of MMP-14 in the
extracellular matrix.

7 CONCLUSION

Degenerative OA is one of the significant medical problems and
social issues worldwide. However, there are no effective
treatments to improve the clinical outcomes of patients with
degenerative OA. Researchers have found that the articular
cartilage existed in a long-term hypoxic environment, and the
cartilage hypoxia of OA is more significant. HIF-1α is a kind of
hypoxia transcription factor. Under hypoxia, stabilized HIF-1α
accumulates in the cytoplasm and migrates to the nucleus, which
will initiate transcription and upregulate its activity. More and
more evidence suggests that HIF-1α is closely associated with the
pathogenesis of OA, such as improving chondrocyte apoptosis
and autophagy, regulating chondrocyte extracellular matrix
environment, and regulating glycolysis and mitochondrial
function. Therefore, further studies on the role of HIF-1α in
OA and its potential mechanisms may provide new therapeutic
strategies for the treatment of this disease.

Many treatments involving HIF-1α have been reported to
have therapeutic effects for many cell and mice OA models.
However, existing research of pharmaceutical and exact
mechanisms is very scarce. To better understand the role of

HIF-1α in degenerative OA, we need to further study the
mechanisms of the HIF-1α in degenerative OA, whether cell
or animal model experiments and several clinical trials of HIF-1α
regulation, which is beneficial to translate these experimental
data into clinical applications. Taken together, this review
emphasizes the great potential of HIF-1α and hypoxia signal
as a target for treatments of degenerative OA.

In the perspective of future research, a series of key issues
regarding the role of HIF-1α in the treatment of degenerative
OA still require to be answered, including how various agents
regulate HIF-1α signaling pathways in homeostasis and how
HIF-1α interacts with other signaling pathways. This is a key
limitation for the medications that regulate inflammation and
metabolism of the chondrocyte to treat degenerative OA.
Ultimately, the detailed mechanisms for the therapies,
including medicinal and non-medicinal therapeutic
options, targeting the HIF-1α and hypoxia signaling in
degenerative OA treatment, still need to be further
explored. Meanwhile, founding and creating novel and
reliable therapeutic methods with less or no side effects
will be the next breakthrough.

AUTHOR CONTRIBUTIONS

C-YZ: conceptualization, writing an original draft. X-FW: writing
review and editing, visualization. F-ZH: conceptualization,
supervision.

FUNDING

This work was supported by the Natural Science Foundation of
Jiangxi Province (20212ACB216009 and 20212BAB216048),
Jiangxi Province’s “Double Thousand Plan” (jxsq2019201023);
Youth Team Project of the Second Affiliated Hospital of
Nanchang University (20119YNTD12003).

REFERENCES

Ahmad, N., Ansari, M. Y., Bano, S., and Haqqi, T. M. (2020). Imperatorin
Suppresses IL-1β-induced iNOS Expression via Inhibiting ERK-MAPK/AP1
Signaling in Primary Human OA Chondrocytes. Int. Immunopharmacol. 85,
106612. doi:10.1016/j.intimp.2020.106612

Akaraphutiporn, E., Bwalya, E. C., Kim, S., Sunaga, T., Echigo, R., and Okumura,
M. (2020). Effects of Pentosan Polysulfate on Cell Proliferation, Cell Cycle
Progression and Cyclin-dependent Kinases Expression in Canine Articular
Chondrocytes. J. Vet. Med. Sci. 82 (8), 1209–1218. doi:10.1292/jvms.20-0091

Apte, R. S., Chen, D. S., and Ferrara, N. (2019). VEGF in Signaling and Disease:
Beyond Discovery and Development. Cell 176 (6), 1248–1264. doi:10.1016/j.
cell.2019.01.021

Archer, C. W., and Francis-West, P. (2003). The Chondrocyte. Int. J. Biochem. Cell
Biol. 35 (4), 401–404. doi:10.1016/s1357-2725(02)00301-1

Balogh, E., Tóth, A., Méhes, G., Trencsényi, G., Paragh, G., and Jeney, V. (2019).
Hypoxia Triggers Osteochondrogenic Differentiation of Vascular Smooth
Muscle Cells in an HIF-1 (Hypoxia-Inducible Factor 1)-Dependent and
Reactive Oxygen Species-dependent Manner. Arterioscler. Thromb. Vasc.
Biol. 39 (6), 1088–1099. doi:10.1161/ATVBAHA.119.312509

Barcik, J., Ernst, M., Balligand, M., Dlaska, C. E., Drenchev, L., Zeiter, S., et al.
(2021). Short-Term Bone Healing Response to Mechanical Stimulation-A Case
Series Conducted on Sheep. Biomedicines 9 (8). doi:10.3390/
biomedicines9080988

Bateman, R. M., Tokunaga, C., Kareco, T., Dorscheid, D. R., and Walley, K. R.
(2007). Myocardial Hypoxia-Inducible HIF-1alpha, VEGF, and GLUT1 Gene
Expression Is Associated with Microvascular and ICAM-1 Heterogeneity
during Endotoxemia. Am. J. Physiol. Heart Circ. Physiol. 293 (1),
H448–H456. doi:10.1152/ajpheart.00035.2007

Belmokhtar, K., Bourguignon, T., Worou, M. E., Khamis, G., Bonnet, P.,
Domenech, J., et al. (2011). Regeneration of Three Layers Vascular Wall by
Using BMP2-Treated MSC Involving HIF-1α and Id1 Expressions through
JAK/STAT Pathways. Stem Cell Rev. Rep. 7 (4), 847–859. doi:10.1007/s12015-
011-9254-6

Benderdour, M., Martel-Pelletier, J., Pelletier, J. P., Kapoor, M., Zunzunegui, M. V.,
and Fahmi, H. (2015). Cellular Aging, Senescence and Autophagy Processes in
Osteoarthritis. Curr. Aging Sci. 8 (2), 147–157. doi:10.2174/
1874609808666150727111530

Berra, E., Richard, D. E., Gothié, E., and Pouysségur, J. (2001). HIF-1-dependent
Transcriptional Activity Is Required for Oxygen-Mediated HIF-1alpha
Degradation. FEBS Lett. 491 (1-2), 85–90. doi:10.1016/s0014-5793(01)02159-7

Frontiers in Pharmacology | www.frontiersin.org July 2022 | Volume 13 | Article 92712612

Zeng et al. HIF-1α in Osteoarthritis

https://doi.org/10.1016/j.intimp.2020.106612
https://doi.org/10.1292/jvms.20-0091
https://doi.org/10.1016/j.cell.2019.01.021
https://doi.org/10.1016/j.cell.2019.01.021
https://doi.org/10.1016/s1357-2725(02)00301-1
https://doi.org/10.1161/ATVBAHA.119.312509
https://doi.org/10.3390/biomedicines9080988
https://doi.org/10.3390/biomedicines9080988
https://doi.org/10.1152/ajpheart.00035.2007
https://doi.org/10.1007/s12015-011-9254-6
https://doi.org/10.1007/s12015-011-9254-6
https://doi.org/10.2174/1874609808666150727111530
https://doi.org/10.2174/1874609808666150727111530
https://doi.org/10.1016/s0014-5793(01)02159-7
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


Bijlsma, J. W., Berenbaum, F., and Lafeber, F. P. (2011). Osteoarthritis: an Update
with Relevance for Clinical Practice. Lancet 377 (9783), 2115–2126. doi:10.
1016/s0140-6736(11)60243-2

Bo, W., Zhou, J., andWang, K. (2018). Sodium Butyrate Abolishes the Degradation
of Type II Collagen in Human Chondrocytes. Biomed. Pharmacother. 102,
1099–1104. doi:10.1016/j.biopha.2018.03.062

Bonnet, C. S., and Walsh, D. A. (2005). Osteoarthritis, Angiogenesis and
Inflammation. Rheumatol. Oxf. 44 (1), 7–16. doi:10.1093/rheumatology/keh344

Bouaziz,W., Sigaux, J., Modrowski, D., Devignes, C. S., Funck-Brentano, T., Richette, P.,
et al. (2016). Interaction of HIF1α and β-catenin Inhibits Matrix Metalloproteinase
13 Expression and Prevents Cartilage Damage inMice. Proc. Natl. Acad. Sci. U. S. A.
113 (19), 5453–5458. doi:10.1073/pnas.1514854113

Boulestreau, J., Maumus, M., Jorgensen, C., and Noël, D. (2021). Extracellular
Vesicles from Mesenchymal Stromal Cells: Therapeutic Perspectives for
Targeting Senescence in Osteoarthritis. Adv. Drug Deliv. Rev. 175, 113836.
doi:10.1016/j.addr.2021.113836

Bruick, R. K., and McKnight, S. L. (2001). A Conserved Family of Prolyl-4-
Hydroxylases that Modify HIF. Science 294 (5545), 1337–1340. doi:10.1126/
science.1066373

Burr, D. B., and Gallant, M. A. (2012). Bone Remodelling in Osteoarthritis. Nat.
Rev. Rheumatol. 8 (11), 665–673. doi:10.1038/nrrheum.2012.130

Bwalya, E. C., Kim, S., Fang, J., Wijekoon, H. M. S., Hosoya, K., and Okumura, M.
(2017a). Effects of Pentosan Polysulfate and Polysulfated Glycosaminoglycan
on Chondrogenesis of Canine Bone Marrow-Derived Mesenchymal Stem Cells
in Alginate and Micromass Culture. J. Vet. Med. Sci. 79 (7), 1182–1190. doi:10.
1292/jvms.17-0084

Bwalya, E. C., Kim, S., Fang, J., Wijekoon, H. M. S., Hosoya, K., and Okumura, M.
(2017b). Pentosan Polysulfate Inhibits IL-1β-induced iNOS, C-Jun and HIF-1α
Upregulation in Canine Articular Chondrocytes. PLoS One 12 (5), e0177144.
doi:10.1371/journal.pone.0177144

Cai, C., Min, S., Yan, B., Liu, W., Yang, X., Li, L., et al. (2019). MiR-27a Promotes
the Autophagy and Apoptosis of IL-1β Treated-Articular Chondrocytes in
Osteoarthritis through PI3K/AKT/mTOR Signaling. Aging (Albany NY) 11
(16), 6371–6384. doi:10.18632/aging.102194

Chan, E. W. C., Wong, S. K., and Chan, H. T. (2018). Casticin from Vitex Species: a
Short Review on its Anticancer and Anti-inflammatory Properties. J. Integr.
Med. 16 (3), 147–152. doi:10.1016/j.joim.2018.03.001

Chang, J., Jackson, S. G., Wardale, J., and Jones, S. W. (2014). Hypoxia Modulates
the Phenotype of Osteoblasts Isolated from Knee Osteoarthritis Patients,
Leading to Undermineralized Bone Nodule Formation. Arthritis Rheumatol.
66 (7), 1789–1799. doi:10.1002/art.38403

Chang, J., Wang, W., Zhang, H., Hu, Y., Wang, M., and Yin, Z. (2013). The Dual
Role of Autophagy in Chondrocyte Responses in the Pathogenesis of Articular
Cartilage Degeneration in Osteoarthritis. Int. J. Mol. Med. 32 (6), 1311–1318.
doi:10.3892/ijmm.2013.1520

Chen, G., Liu, T., Yu, B., Wang, B., and Peng, Q. (2020). CircRNA-UBE2G1
Regulates LPS-Induced Osteoarthritis through miR-373/HIF-1a axis. Cell Cycle
19 (13), 1696–1705. doi:10.1080/15384101.2020.1772545

Chen, J., Crawford, R., and Xiao, Y. (2013). Vertical Inhibition of the PI3K/Akt/
mTOR Pathway for the Treatment of Osteoarthritis. J. Cell Biochem. 114 (2),
245–249. doi:10.1002/jcb.24362

Choi, M. C., Jo, J., Park, J., Kang, H. K., and Park, Y. (2019). NF-κB Signaling
Pathways in Osteoarthritic Cartilage Destruction. Cells 8 (7). doi:10.3390/
cells8070734

Choi, S. B., Park, J. B., Song, T. J., and Choi, S. Y. (2011). Molecular Mechanism of
HIF-1-independent VEGF Expression in a Hepatocellular Carcinoma Cell Line.
Int. J. Mol. Med. 28 (3), 449–454. doi:10.3892/ijmm.2011.719

Chu, J., Yan, B., Zhang, J., Peng, L., Ao, X., Zheng, Z., et al. (2020). Casticin
Attenuates Osteoarthritis-Related Cartilage Degeneration by Inhibiting the
ROS-Mediated NF-Κb Signaling Pathway In Vitro and In Vivo.
Inflammation 43 (3), 810–820. doi:10.1007/s10753-019-01167-y

Coimbra, I. B., Jimenez, S. A., Hawkins, D. F., Piera-Velazquez, S., and Stokes, D. G.
(2004). Hypoxia Inducible Factor-1 Alpha Expression in Human Normal and
Osteoarthritic Chondrocytes. Osteoarthr. Cartil. 12 (4), 336–345. doi:10.1016/j.
joca.2003.12.005

Cong, L., Zhu, Y., and Tu, G. (2017). A Bioinformatic Analysis of microRNAs Role
in Osteoarthritis. Osteoarthr. Cartil. 25 (8), 1362–1371. doi:10.1016/j.joca.2017.
03.012

Dong, C., Davis, R. J., and Flavell, R. A. (2002). MAP Kinases in the Immune
Response. Annu. Rev. Immunol. 20, 55–72. doi:10.1146/annurev.immunol.20.
091301.131133

Dunn, L. L., Kong, S. M. Y., Tumanov, S., Chen, W., Cantley, J., Ayer, A., et al.
(2021). Hmox1 (Heme Oxygenase-1) Protects against Ischemia-Mediated
Injury via Stabilization of HIF-1α (Hypoxia-Inducible Factor-1α). Atvb 41
(1), 317–330. doi:10.1161/ATVBAHA.120.315393

Duval, E., Baugé, C., Andriamanalijaona, R., Bénateau, H., Leclercq, S., Dutoit, S.,
et al. (2012). Molecular Mechanism of Hypoxia-Induced Chondrogenesis and
its Application in In Vivo Cartilage Tissue Engineering. Biomaterials 33 (26),
6042–6051. doi:10.1016/j.biomaterials.2012.04.061

Fan, L., Li, J., Yu, Z., Dang, X., andWang, K. (2014). The Hypoxia-Inducible Factor
Pathway, Prolyl Hydroxylase Domain Protein Inhibitors, and Their Roles in
Bone Repair and Regeneration. Biomed. Res. Int. 2014, 239356. doi:10.1155/
2014/239356

Fernández-Moreno, M., Rego-Pérez, I., and Blanco, F. J. (2022). Is Osteoarthritis a
Mitochondrial Disease? what Is the Evidence. Curr. Opin. Rheumatol. 34 (1),
46–53. doi:10.1097/BOR.0000000000000855

Fernández-Torres, J., Martínez-Nava, G. A., Gutiérrez-Ruíz, M. C., Gómez-Quiroz,
L. E., and Gutiérrez, M. (2017a). Role of HIF-1α Signaling Pathway in
Osteoarthritis: a Systematic Review. Rev. Bras. Reumatol. Engl. Ed. 57 (2),
162–173. doi:10.1016/j.rbre.2016.07.008

Fernández-Torres, J., Zamudio-Cuevas, Y., Martínez-Nava, G. A., and López-
Reyes, A. G. (2017b). Hypoxia-Inducible Factors (HIFs) in the Articular
Cartilage: a Systematic Review. Eur. Rev. Med. Pharmacol. Sci. 21 (12),
2800–2810.

Flügel, D., Görlach, A., and Kietzmann, T. (2012). GSK-3β Regulates Cell
Growth, Migration, and Angiogenesis via Fbw7 and USP28-dependent
Degradation of HIF-1α. Blood 119 (5), 1292–1301. doi:10.1182/blood-
2011-08-375014

Fragkiadaki, P., Nikitovic, D., Kalliantasi, K., Sarandi, E., Thanasoula, M.,
Stivaktakis, P. D., et al. (2020). Telomere Length and Telomerase Activity in
Osteoporosis and Osteoarthritis. Exp. Ther. Med. 19 (3), 1626–1632. doi:10.
3892/etm.2019.8370

Gabriely, G., Wheeler, M. A., Takenaka, M. C., and Quintana, F. J. (2017). Role of
AHR and HIF-1α in Glioblastoma Metabolism. Trends Endocrinol. Metab. 28
(6), 428–436. doi:10.1016/j.tem.2017.02.009

Galli, F., Rossi, M., D’Alessandra, Y., De Simone, M., Lopardo, T., Haupt, Y., et al.
(2010). MDM2 and Fbw7 Cooperate to Induce P63 Protein Degradation
Following DNA Damage and Cell Differentiation. J. Cell Sci. 123 (Pt 14),
2423–2433. doi:10.1242/jcs.061010

Ghosh, P. (1999). The Pathobiology of Osteoarthritis and the Rationale for the Use
of Pentosan Polysulfate for its Treatment. Semin. Arthritis Rheum. 28 (4),
211–267. doi:10.1016/s0049-0172(99)80021-3

Gibson, J. S.,Milner, P. I.,White, R., Fairfax, T. P., andWilkins, R. J. (2008). Oxygen and
Reactive Oxygen Species in Articular Cartilage: Modulators of Ionic Homeostasis.
Pflugers Arch. 455 (4), 563–573. doi:10.1007/s00424-007-0310-7

Graça, M. F. P., Miguel, S. P., Cabral, C. S. D., and Correia, I. J. (2020). Hyaluronic
Acid-Based Wound Dressings: A Review. Carbohydr. Polym. 241, 116364.
doi:10.1016/j.carbpol.2020.116364

Grimmer, C., Balbus, N., Lang, U., Aigner, T., Cramer, T., Müller, L., et al. (2006).
Regulation of Type II Collagen Synthesis during Osteoarthritis by Prolyl-4-
Hydroxylases: Possible Influence of Low Oxygen Levels. Am. J. Pathol. 169 (2),
491–502. doi:10.2353/ajpath.2006.050738

Guillén, R., Otero, F., Mosquera, A., Vázquez-Mosquera, M., Rego-Pérez, I.,
Blanco, F. J., et al. (2021). Association of Accelerated Dynamics of Telomere
Sequence Loss in Peripheral Blood Leukocytes with Incident Knee
Osteoarthritis in Osteoarthritis Initiative Cohort. Sci. Rep. 11 (1), 15914.
doi:10.1038/s41598-021-95326-7

He, M., Min, J. W., Kong, W. L., He, X. H., Li, J. X., and Peng, B. W. (2016). A
Review on the Pharmacological Effects of Vitexin and Isovitexin. Fitoterapia
115, 74–85. doi:10.1016/j.fitote.2016.09.011

Holzer, T., Probst, K., Etich, J., Auler, M., Georgieva, V. S., Bluhm, B., et al. (2019).
Respiratory Chain Inactivation Links Cartilage-Mediated Growth Retardation
to Mitochondrial Diseases. J. Cell Biol. 218 (6), 1853–1870. doi:10.1083/jcb.
201809056

Hommes, D. W., Peppelenbosch, M. P., and van Deventer, S. J. (2003).
Mitogen Activated Protein (MAP) Kinase Signal Transduction Pathways

Frontiers in Pharmacology | www.frontiersin.org July 2022 | Volume 13 | Article 92712613

Zeng et al. HIF-1α in Osteoarthritis

https://doi.org/10.1016/s0140-6736(11)60243-2
https://doi.org/10.1016/s0140-6736(11)60243-2
https://doi.org/10.1016/j.biopha.2018.03.062
https://doi.org/10.1093/rheumatology/keh344
https://doi.org/10.1073/pnas.1514854113
https://doi.org/10.1016/j.addr.2021.113836
https://doi.org/10.1126/science.1066373
https://doi.org/10.1126/science.1066373
https://doi.org/10.1038/nrrheum.2012.130
https://doi.org/10.1292/jvms.17-0084
https://doi.org/10.1292/jvms.17-0084
https://doi.org/10.1371/journal.pone.0177144
https://doi.org/10.18632/aging.102194
https://doi.org/10.1016/j.joim.2018.03.001
https://doi.org/10.1002/art.38403
https://doi.org/10.3892/ijmm.2013.1520
https://doi.org/10.1080/15384101.2020.1772545
https://doi.org/10.1002/jcb.24362
https://doi.org/10.3390/cells8070734
https://doi.org/10.3390/cells8070734
https://doi.org/10.3892/ijmm.2011.719
https://doi.org/10.1007/s10753-019-01167-y
https://doi.org/10.1016/j.joca.2003.12.005
https://doi.org/10.1016/j.joca.2003.12.005
https://doi.org/10.1016/j.joca.2017.03.012
https://doi.org/10.1016/j.joca.2017.03.012
https://doi.org/10.1146/annurev.immunol.20.091301.131133
https://doi.org/10.1146/annurev.immunol.20.091301.131133
https://doi.org/10.1161/ATVBAHA.120.315393
https://doi.org/10.1016/j.biomaterials.2012.04.061
https://doi.org/10.1155/2014/239356
https://doi.org/10.1155/2014/239356
https://doi.org/10.1097/BOR.0000000000000855
https://doi.org/10.1016/j.rbre.2016.07.008
https://doi.org/10.1182/blood-2011-08-375014
https://doi.org/10.1182/blood-2011-08-375014
https://doi.org/10.3892/etm.2019.8370
https://doi.org/10.3892/etm.2019.8370
https://doi.org/10.1016/j.tem.2017.02.009
https://doi.org/10.1242/jcs.061010
https://doi.org/10.1016/s0049-0172(99)80021-3
https://doi.org/10.1007/s00424-007-0310-7
https://doi.org/10.1016/j.carbpol.2020.116364
https://doi.org/10.2353/ajpath.2006.050738
https://doi.org/10.1038/s41598-021-95326-7
https://doi.org/10.1016/j.fitote.2016.09.011
https://doi.org/10.1083/jcb.201809056
https://doi.org/10.1083/jcb.201809056
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


and Novel Anti-inflammatory Targets. Gut 52 (1), 144–151. doi:10.1136/
gut.52.1.144

Hong, C., Tang, Y., Hu, X., Song, X., Cai, Y., Song, Z., et al. (2021). Partial
Deficiency of HIF-1α in Chondrocytes Effected Bone Repair of Mandibular
Condylar Neck. Arch. Oral Biol. 122, 105023. doi:10.1016/j.archoralbio.2020.
105023

Hong, X., Liu, W., Song, R., Shah, J. J., Feng, X., Tsang, C. K., et al. (2016). SOX9 Is
Targeted for Proteasomal Degradation by the E3 Ligase FBW7 in Response to
DNA Damage. Nucleic Acids Res. 44 (18), 8855–8869. doi:10.1093/nar/gkw748

Hu, J., Zhou, J., Wu, J., Chen, Q., Du, W., Fu, F., et al. (2020a). Loganin Ameliorates
Cartilage Degeneration and Osteoarthritis Development in an Osteoarthritis
Mouse Model through Inhibition of NF-Κb Activity and Pyroptosis in
Chondrocytes. J. Ethnopharmacol. 247, 112261. doi:10.1016/j.jep.2019.112261

Hu, S., Zhang, C., Ni, L., Huang, C., Chen, D., Shi, K., et al. (2020b). Stabilization of
HIF-1α Alleviates Osteoarthritis via Enhancing Mitophagy. Cell Death Dis. 11
(6), 481. doi:10.1038/s41419-020-2680-0

Huang, C. Y., Hsieh, Y. L., Ju, D. T., Lin, C. C., Kuo, C. H., Liou, Y. F., et al. (2015).
Attenuation of Magnesium Sulfate on CoCl2-Induced Cell Death by Activating
ERK1/2/MAPK and Inhibiting HIF-1α via Mitochondrial Apoptotic Signaling
Suppression in a Neuronal Cell Line. Chin. J. Physiol. 58 (4), 244–253. doi:10.
4077/CJP.2015.BAD296

Huang, Z., Zhou, M., Wang, Q., Zhu, M., Chen, S., and Li, H. (2017). Mechanical
and Hypoxia Stress Can Cause Chondrocytes Apoptosis through Over-
activation of Endoplasmic Reticulum Stress. Arch. Oral Biol. 84, 125–132.
doi:10.1016/j.archoralbio.2017.09.021

Hunter, D. J., and Bierma-Zeinstra, S. (2019). Osteoarthritis. Lancet 393 (10182),
1745–1759. doi:10.1016/s0140-6736(19)30417-9

Ichimaru, S., Nakagawa, S., Arai, Y., Kishida, T., Shin-Ya, M., Honjo, K., et al.
(2016). Hypoxia Potentiates Anabolic Effects of Exogenous Hyaluronic Acid in
Rat Articular Cartilage. Int. J. Mol. Sci. 17 (7). doi:10.3390/ijms17071013

Idelevich, A., Rais, Y., and Monsonego-Ornan, E. (2011). Bone Gla Protein
Increases HIF-1alpha-dependent Glucose Metabolism and Induces Cartilage
and Vascular Calcification. Arterioscler. Thromb. Vasc. Biol. 31 (9), e55–71.
doi:10.1161/ATVBAHA.111.230904

Iyer, N. V., Kotch, L. E., Agani, F., Leung, S. W., Laughner, E., Wenger, R. H., et al.
(1998). Cellular and Developmental Control of O2 Homeostasis by Hypoxia-
Inducible Factor 1 Alpha. Genes Dev. 12 (2), 149–162. doi:10.1101/gad.12.2.149

Jin, Y., Koh, R. H., Kim, S. H., Kim, K. M., Park, G. K., and Hwang, N. S. (2020).
Injectable Anti-inflammatory Hyaluronic Acid Hydrogel for Osteoarthritic
Cartilage Repair. Mater Sci. Eng. C Mater Biol. Appl. 115, 111096. doi:10.
1016/j.msec.2020.111096

Karar, J., andMaity, A. (2011). PI3K/AKT/mTOR Pathway in Angiogenesis. Front.
Mol. Neurosci. 4, 51. doi:10.3389/fnmol.2011.00051

Katz, J. N., Arant, K. R., and Loeser, R. F. (2021). Diagnosis and Treatment of Hip
and Knee Osteoarthritis: A Review. JAMA 325 (6), 568–578. doi:10.1001/jama.
2020.22171

Ke, Q., and Costa, M. (2006). Hypoxia-inducible Factor-1 (HIF-1). Mol.
Pharmacol. 70 (5), 1469–1480. doi:10.1124/mol.106.027029

Kiaer, T., Grønlund, J., and Sørensen, K. H. (1988). Subchondral pO2, pCO2,
Pressure, pH, and Lactate in Human Osteoarthritis of the Hip. Clin. Orthop.
Relat. Res. 229, 149–155.

Kierans, S. J., and Taylor, C. T. (2021). Regulation of Glycolysis by the Hypoxia-
Inducible Factor (HIF): Implications for Cellular Physiology. J. Physiol. 599 (1),
23–37. doi:10.1113/JP280572

Kietzmann, T., Mennerich, D., and Dimova, E. Y. (2016). Hypoxia-Inducible
Factors (HIFs) and Phosphorylation: Impact on Stability, Localization, and
Transactivity. Front. Cell Dev. Biol. 4, 11. doi:10.3389/fcell.2016.00011

Kim, M. H., Jeong, Y. J., Cho, H. J., Hoe, H. S., Park, K. K., Park, Y. Y., et al. (2017).
Delphinidin Inhibits Angiogenesis through the Suppression of HIF-1α and
VEGF Expression in A549 Lung Cancer Cells. Oncol. Rep. 37 (2), 777–784.
doi:10.3892/or.2016.5296

Ko, N. Y., Chen, L. R., and Chen, K. H. (2020). The Role of Micro RNA and Long-
Non-Coding RNA in Osteoporosis. Int. J. Mol. Sci. 21 (14). doi:10.3390/
ijms21144886

Kobayashi, M., Morinibu, A., Koyasu, S., Goto, Y., Hiraoka, M., and Harada, H.
(2017). A Circadian Clock Gene, PER2, Activates HIF-1 as an Effector Molecule
for Recruitment of HIF-1α to Promoter Regions of its Downstream Genes.
FEBS J. 284 (22), 3804–3816. doi:10.1111/febs.14280

Koch, H., and Weber, Y. G. (2019). The Glucose Transporter Type 1 (Glut1)
Syndromes. Epilepsy Behav. 91, 90–93. doi:10.1016/j.yebeh.2018.06.010

Komori, T. (2019). Regulation of Proliferation, Differentiation and Functions of
Osteoblasts by Runx2. Int. J. Mol. Sci. 20 (7). doi:10.3390/ijms20071694

Komori, T. (2003). Requisite Roles of Runx2 and Cbfb in Skeletal Development.
J. Bone Min. Metab. 21 (4), 193–197. doi:10.1007/s00774-002-0408-0

Komori, T. (2018). Runx2, an Inducer of Osteoblast and Chondrocyte
Differentiation. Histochem Cell Biol. 149 (4), 313–323. doi:10.1007/s00418-
018-1640-6

Kong, P., Chen, R., Zou, F. Q., Wang, Y., Liu, M. C., andWang, W. G. (2021). HIF-
1α Repairs Degenerative Chondrocyte Glycolytic Metabolism by the
Transcriptional Regulation of Runx2. Eur. Rev. Med. Pharmacol. Sci. 25 (3),
1206–1214. doi:10.26355/eurrev_202102_24823

Kristensen, L. S., Andersen, M. S., Stagsted, L. V. W., Ebbesen, K. K., Hansen, T. B.,
and Kjems, J. (2019). The Biogenesis, Biology and Characterization of Circular
RNAs. Nat. Rev. Genet. 20 (11), 675–691. doi:10.1038/s41576-019-0158-7

Kseibati, M. O., Shehatou, G. S. G., Sharawy, M. H., Eladl, A. E., and Salem, H. A.
(2020). Nicorandil Ameliorates Bleomycin-Induced Pulmonary Fibrosis in Rats
through Modulating eNOS, iNOS, TXNIP and HIF-1α Levels. Life Sci. 246,
117423. doi:10.1016/j.lfs.2020.117423

Kudová, J., Procházková, J., Vašiček, O., Perečko, T., Sedláčková, M., Pešl, M., et al.
(2016). HIF-1alpha Deficiency Attenuates the Cardiomyogenesis of Mouse
Embryonic StemCells.PLoSOne 11 (6), e0158358. doi:10.1371/journal.pone.0158358

Kulkarni, P., Martson, A., Vidya, R., Chitnavis, S., and Harsulkar, A. (2021).
Pathophysiological Landscape of Osteoarthritis. Adv. Clin. Chem. 100, 37–90.
doi:10.1016/bs.acc.2020.04.002

Kumagai, K., Shirabe, S., Miyata, N., Murata, M., Yamauchi, A., Kataoka, Y., et al.
(2010). Sodium Pentosan Polysulfate Resulted in Cartilage Improvement in
Knee Osteoarthritis-Aan Open Clinical Trial. BMC Clin. Pharmacol. 10, 7.
doi:10.1186/1472-6904-10-7

Kwon, T. G., Zhao, X., Yang, Q., Li, Y., Ge, C., Zhao, G., et al. (2011). Physical and
Functional Interactions between Runx2 and HIF-1α Induce Vascular
Endothelial Growth Factor Gene Expression. J. Cell Biochem. 112 (12),
3582–3593. doi:10.1002/jcb.23289

Lafont, J. E. (2010). Lack of Oxygen in Articular Cartilage: Consequences for
Chondrocyte Biology. Int. J. Exp. Pathol. 91 (2), 99–106. doi:10.1111/j.1365-
2613.2010.00707.x

Lane, R. S., Fu, Y., Matsuzaki, S., Kinter, M., Humphries, K. M., and Griffin, T. M.
(2015). Mitochondrial Respiration and Redox Coupling in Articular
Chondrocytes. Arthritis Res. Ther. 17, 54. doi:10.1186/s13075-015-0566-9

Lee, J. W., Bae, S. H., Jeong, J. W., Kim, S. H., and Kim, K. W. (2004). Hypoxia-
inducible Factor (HIF-1)alpha: its Protein Stability and Biological Functions.
Exp. Mol. Med. 36 (1), 1–12. doi:10.1038/emm.2004.1

Lee, R. B., and Urban, J. P. (1997). Evidence for a Negative Pasteur Effect in
Articular Cartilage. Biochem. J. 321 ( Pt 1) (Pt 1), 95–102. doi:10.1042/
bj3210095

Lee, S. H., Che, X., Jeong, J. H., Choi, J. Y., Lee, Y. J., Lee, Y. H., et al. (2012a). Runx2
protein stabilizes hypoxia-inducible factor-1α through competition with von
Hippel-Lindau protein (pVHL) and stimulates angiogenesis in growth plate
hypertrophic chondrocytes. J. Biol. Chem. 287 (18), 14760–14771. doi:10.1074/
jbc.M112.340232

Lee, S. H., Manandhar, S., and Lee, Y. M. (2017). Roles of RUNX in Hypoxia-
Induced Responses and Angiogenesis. Adv. Exp. Med. Biol. 962, 449–469.
doi:10.1007/978-981-10-3233-2_27

Lee, Y. A., Choi, H. M., Lee, S. H., Hong, S. J., Yang, H. I., Yoo, M. C., et al. (2012b).
Hypoxia Differentially Affects IL-1β-stimulated MMP-1 and MMP-13
Expression of Fibroblast-like Synoviocytes in an HIF-1α-dependent Manner.
Rheumatol. Oxf. 51 (3), 443–450. doi:10.1093/rheumatology/ker327

Lepetsos, P., Papavassiliou, K. A., and Papavassiliou, A. G. (2019). Redox and NF-
Κb Signaling in Osteoarthritis. Free Radic. Biol. Med. 132, 90–100. doi:10.1016/
j.freeradbiomed.2018.09.025

Li, D., Yuan, T., Zhang, X., Xiao, Y., Wang, R., Fan, Y., et al. (2012). Icariin: a
Potential Promoting Compound for Cartilage Tissue Engineering. Osteoarthr.
Cartil. 20 (12), 1647–1656. doi:10.1016/j.joca.2012.08.009

Li, H., Li, X., Jing, X., Li, M., Ren, Y., Chen, J., et al. (2018). Hypoxia Promotes
Maintenance of the Chondrogenic Phenotype in Rat Growth Plate
Chondrocytes through the HIF-1α/YAP Signaling Pathway. Int. J. Mol. Med.
42 (6), 3181–3192. doi:10.3892/ijmm.2018.3921

Frontiers in Pharmacology | www.frontiersin.org July 2022 | Volume 13 | Article 92712614

Zeng et al. HIF-1α in Osteoarthritis

https://doi.org/10.1136/gut.52.1.144
https://doi.org/10.1136/gut.52.1.144
https://doi.org/10.1016/j.archoralbio.2020.105023
https://doi.org/10.1016/j.archoralbio.2020.105023
https://doi.org/10.1093/nar/gkw748
https://doi.org/10.1016/j.jep.2019.112261
https://doi.org/10.1038/s41419-020-2680-0
https://doi.org/10.4077/CJP.2015.BAD296
https://doi.org/10.4077/CJP.2015.BAD296
https://doi.org/10.1016/j.archoralbio.2017.09.021
https://doi.org/10.1016/s0140-6736(19)30417-9
https://doi.org/10.3390/ijms17071013
https://doi.org/10.1161/ATVBAHA.111.230904
https://doi.org/10.1101/gad.12.2.149
https://doi.org/10.1016/j.msec.2020.111096
https://doi.org/10.1016/j.msec.2020.111096
https://doi.org/10.3389/fnmol.2011.00051
https://doi.org/10.1001/jama.2020.22171
https://doi.org/10.1001/jama.2020.22171
https://doi.org/10.1124/mol.106.027029
https://doi.org/10.1113/JP280572
https://doi.org/10.3389/fcell.2016.00011
https://doi.org/10.3892/or.2016.5296
https://doi.org/10.3390/ijms21144886
https://doi.org/10.3390/ijms21144886
https://doi.org/10.1111/febs.14280
https://doi.org/10.1016/j.yebeh.2018.06.010
https://doi.org/10.3390/ijms20071694
https://doi.org/10.1007/s00774-002-0408-0
https://doi.org/10.1007/s00418-018-1640-6
https://doi.org/10.1007/s00418-018-1640-6
https://doi.org/10.26355/eurrev_202102_24823
https://doi.org/10.1038/s41576-019-0158-7
https://doi.org/10.1016/j.lfs.2020.117423
https://doi.org/10.1371/journal.pone.0158358
https://doi.org/10.1016/bs.acc.2020.04.002
https://doi.org/10.1186/1472-6904-10-7
https://doi.org/10.1002/jcb.23289
https://doi.org/10.1111/j.1365-2613.2010.00707.x
https://doi.org/10.1111/j.1365-2613.2010.00707.x
https://doi.org/10.1186/s13075-015-0566-9
https://doi.org/10.1038/emm.2004.1
https://doi.org/10.1042/bj3210095
https://doi.org/10.1042/bj3210095
https://doi.org/10.1074/jbc.M112.340232
https://doi.org/10.1074/jbc.M112.340232
https://doi.org/10.1007/978-981-10-3233-2_27
https://doi.org/10.1093/rheumatology/ker327
https://doi.org/10.1016/j.freeradbiomed.2018.09.025
https://doi.org/10.1016/j.freeradbiomed.2018.09.025
https://doi.org/10.1016/j.joca.2012.08.009
https://doi.org/10.3892/ijmm.2018.3921
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


Li, X., Lou, X., Xu, S., Du, J., andWu, J. (2020a). Hypoxia Inducible Factor-1 (HIF-
1α) Reduced Inflammation in Spinal Cord Injury via miR-380-3p/NLRP3 by
Circ 0001723. Biol. Res. 53 (1), 35. doi:10.1186/s40659-020-00302-6

Li, X., Mei, W., Huang, Z., Zhang, L., Zhang, L., Xu, B., et al. (2020b). Casticin
Suppresses Monoiodoacetic Acid-Induced Knee Osteoarthritis through
Inhibiting HIF-1α/NLRP3 Inflammasome Signaling. Int. Immunopharmacol.
86, 106745. doi:10.1016/j.intimp.2020.106745

Li, Y., Yue, J., and Yang, C. (2016). Unraveling the Role of Mg(++) in
Osteoarthritis. Life Sci. 147, 24–29. doi:10.1016/j.lfs.2016.01.029

Li, Z., Cheng, J., and Liu, J. (2020c). Baicalin Protects Human OA Chondrocytes
against IL-1β-Induced Apoptosis and ECM Degradation by Activating
Autophagy via MiR-766-3p/AIFM1 Axis. Drug Des. Devel Ther. 14,
2645–2655. doi:10.2147/DDDT.S255823

Liang, W., Wu, X., Dong, Y., Chen, X., Zhou, P., and Xu, F. (2021). Mechanical
Stimuli-Mediated Modulation of Bone Cell Function-Implications for Bone
Remodeling and Angiogenesis. Cell Tissue Res. 386, 445–454. doi:10.1007/
s00441-021-03532-6

Lin, Y. Y., Ko, C. Y., Liu, S. C., Wang, Y. H., Hsu, C. J., Tsai, C. H., et al. (2021). miR-
144-3p Ameliorates the Progression of Osteoarthritis by Targeting IL-1β:
Potential Therapeutic Implications. J. Cell Physiol. 236 (10), 6988–7000.
doi:10.1002/jcp.30361

Lisy, K., and Peet, D. J. (2008). Turn Me on: Regulating HIF Transcriptional
Activity. Cell Death Differ. 15 (4), 642–649. doi:10.1038/sj.cdd.4402315

Liu, J., Feng, R., Wang, D., Huo, T., and Jiang, H. (2021). Triclosan-induced
Glycolysis Drives Inflammatory Activation in Microglia via the Akt/mTOR/
HIF 1α Signaling Pathway. Ecotoxicol. Environ. Saf. 224, 112664. doi:10.1016/j.
ecoenv.2021.112664

Liu, Z., Guo, L., Li, R., Xu, Q., Yang, J., Chen, J., et al. (2019). Transforming Growth
Factor-B1 and Hypoxia Inducible Factor-1α Synergistically Inhibit the
Osteogenesis of Periodontal Ligament Stem Cells. Int. Immunopharmacol.
75, 105834. doi:10.1016/j.intimp.2019.105834

Long, F. (2019). Less Is More: Ditching Mitochondria Saves Hypoxic Cartilage.
Dev. Cell 49 (5), 656–658. doi:10.1016/j.devcel.2019.05.030

Losso, J. N., and Bawadi, H. A. (2005). Hypoxia Inducible Factor Pathways as
Targets for Functional Foods. J. Agric. Food Chem. 53 (10), 3751–3768. doi:10.
1021/jf0479719

Lu, J., Peng, Y., Zou, J., Wang, J., Lu, S., Fu, T., et al. (2021). Hypoxia Inducible
Factor-1α Is a Regulator of Autophagy in Osteoarthritic Chondrocytes.
Cartilage 13, 1030S–1040S. doi:10.1177/19476035211035434

Lu, W., Ding, Z., Liu, F., Shan, W., Cheng, C., Xu, J., et al. (2019). Dopamine Delays
Articular Cartilage Degradation in Osteoarthritis by Negative Regulation of the
NF-Κb and JAK2/STAT3 Signaling Pathways. Biomed. Pharmacother. 119,
109419. doi:10.1016/j.biopha.2019.109419

Luan, H. F., Zhao, Z. B., Zhao, Q. H., Zhu, P., Xiu, M. Y., and Ji, Y. (2012).
Hydrogen Sulfide Postconditioning Protects Isolated Rat Hearts against
Ischemia and Reperfusion Injury Mediated by the JAK2/STAT3 Survival
Pathway. Braz J. Med. Biol. Res. 45 (10), 898–905. doi:10.1590/s0100-
879x2012007500090

Malkov, M. I., Lee, C. T., and Taylor, C. T. (2021). Regulation of the Hypoxia-
Inducible Factor (HIF) by Pro-inflammatory Cytokines. Cells 10 (9). doi:10.
3390/cells10092340

Malladi, P., Xu, Y., Chiou, M., Giaccia, A. J., and Longaker, M. T. (2007). Hypoxia
Inducible Factor-1alpha Deficiency Affects Chondrogenesis of Adipose-
Derived Adult Stromal Cells. Tissue Eng. 13 (6), 1159–1171. doi:10.1089/ten.
2006.0265

Marcus, R. E. (1973). The Effect of Low Oxygen Concentration on Growth,
Glycolysis, and Sulfate Incorporation by Articular Chondrocytes in
Monolayer Culture. Arthritis Rheum. 16 (5), 646–656. doi:10.1002/art.
1780160509

Markway, B. D., Cho, H., and Johnstone, B. (2013). Hypoxia Promotes
Redifferentiation and Suppresses Markers of Hypertrophy and Degeneration
in Both Healthy and Osteoarthritic Chondrocytes. Arthritis Res. Ther. 15 (4),
R92. ARTN R92. doi:10.1186/ar4272

Marmorstein, R., and Simon, M. C. (2015). Structural Biology: Hypoxia Response
Becomes Crystal Clear. Nature 524 (7565), 298–300. doi:10.1038/nature14641

Martinez Sanchez, A. H., Omidi, M., Wurlitzer, M., Fuh, M. M., Feyerabend, F.,
Schluter, H., et al. (2019). Proteome Analysis of Human Mesenchymal Stem
Cells Undergoing Chondrogenesis when Exposed to the Products of Various

Magnesium-Based Materials Degradation. Bioact. Mater 4, 168–188. doi:10.
1016/j.bioactmat.2019.04.001

Miller, M.W., Knaub, L. A., Olivera-Fragoso, L. F., Keller, A. C., Balasubramaniam,
V., Watson, P. A., et al. (2013). Nitric Oxide Regulates Vascular Adaptive
Mitochondrial Dynamics. Am. J. Physiol. Heart Circ. Physiol. 304 (12),
H1624–H1633. doi:10.1152/ajpheart.00987.2012

Mitchell, S., Vargas, J., and Hoffmann, A. (2016). Signaling via the NFkappaB
System. Wiley Interdiscip. Rev. Syst. Biol. Med. 8 (3), 227–241. doi:10.1002/
wsbm.1331

Mo, Z. T., Li, W. N., Zhai, Y. R., and Gao, S. Y. (2017). The Effects of Icariin on the
Expression of HIF-1alpha, HSP-60 and HSP-70 in PC12 Cells Suffered from
Oxygen-Glucose Deprivation-Induced Injury. Pharm. Biol. 55 (1), 848–852.
doi:10.1080/13880209.2017.1281968

Mobasheri, A., Vannucci, S. J., Bondy, C. A., Carter, S. D., Innes, J. F., Arteaga, M.
F., et al. (2002). Glucose Transport and Metabolism in Chondrocytes: a Key to
Understanding Chondrogenesis, Skeletal Development and Cartilage
Degradation in Osteoarthritis. Histol. Histopathol. 17 (4), 1239–1267. doi:10.
14670/HH-17.1239

Mu, Y., Hao, W., and Li, S. (2019). Casticin Protects against IL-1beta-induced
Inflammation in Human Osteoarthritis Chondrocytes. Eur. J. Pharmacol. 842,
314–320. doi:10.1016/j.ejphar.2018.10.051

Murata, M., Yudoh, K., Nakamura, H., Kato, T., Inoue, K., Chiba, J., et al. (2006).
Distinct Signaling Pathways Are Involved in Hypoxia- and IL-1-induced VEGF
Expression in Human Articular Chondrocytes. J. Orthop. Res. 24 (7),
1544–1554. doi:10.1002/jor.20168

Murphy, C. L., Thoms, B. L., Vaghjiani, R. J., and Lafont, J. E. (2009). Hypoxia.
HIF-Mediated Articular Chondrocyte Function: Prospects for Cartilage Repair.
Arthritis Res. Ther. 11 (1), 213. doi:10.1186/ar2574

Nelson, A. E. (2018). Osteoarthritis Year in Review 2017: Clinical. Osteoarthr.
Cartil. 26 (3), 319–325. doi:10.1016/j.joca.2017.11.014

Ni, W., Jiang, C., Wu, Y., Zhang, H., Wang, L., Yik, J. H. N., et al. (2021).
CircSLC7A2 Protects against Osteoarthritis through Inhibition of the miR-
4498/TIMP3 axis. Cell Prolif. 54 (6), e13047. doi:10.1111/cpr.13047

Novack, D. V. (2011). Role of NF-kappaB in the Skeleton. Cell Res. 21 (1), 169–182.
doi:10.1038/cr.2010.159

Okada, K., Mori, D., Makii, Y., Nakamoto, H., Murahashi, Y., Yano, F., et al. (2020).
Hypoxia-inducible Factor-1 Alpha Maintains Mouse Articular Cartilage
through Suppression of NF-kappaB Signaling. Sci. Rep. 10 (1), 5425. doi:10.
1038/s41598-020-62463-4

Ollitrault, D., Legendre, F., Drougard, C., Briand, M., Benateau, H., Goux, D., et al.
(2015). BMP-2, Hypoxia, and COL1A1/HtrA1 siRNAs Favor Neo-Cartilage
Hyaline Matrix Formation in Chondrocytes. Tissue Eng. Part C Methods 21 (2),
133–147. doi:10.1089/ten.TEC.2013.0724

Pan, L., Zhang, Y., Chen, N., and Yang, L. (2017a). Icariin Regulates Cellular
Functions and Gene Expression of Osteoarthritis Patient-Derived Human
Fibroblast-like Synoviocytes. Int. J. Mol. Sci. 18 (12). doi:10.3390/
ijms18122656

Pan, Y., Chen, D., Lu, Q., Liu, L., Li, X., and Li, Z. (2017b). Baicalin Prevents the
Apoptosis of Endplate Chondrocytes by Inhibiting the Oxidative Stress Induced
by H2O2. Mol. Med. Rep. 16 (3), 2985–2991. doi:10.3892/mmr.2017.6904

Pandey, A., Bani, S., Satti, N. K., Gupta, B. D., and Suri, K. A. (2012). Anti-arthritic
Activity of Agnuside Mediated through the Down-Regulation of Inflammatory
Mediators and Cytokines. Inflamm. Res. 61 (4), 293–304. doi:10.1007/s00011-
011-0410-x

Patra, K., Jana, S., Sarkar, A., Mandal, D. P., and Bhattacharjee, S. (2019). The
Inhibition of Hypoxia-Induced Angiogenesis and Metastasis by
Cinnamaldehyde Is Mediated by Decreasing HIF-1alpha Protein Synthesis
via PI3K/Akt Pathway. Biofactors 45 (3), 401–415. doi:10.1002/biof.1499

Pfander, D., Cramer, T., Schipani, E., and Johnson, R. S. (2003). HIF-1alpha
Controls Extracellular Matrix Synthesis by Epiphyseal Chondrocytes. J. Cell Sci.
116 (Pt 9), 1819–1826. doi:10.1242/jcs.00385

Pfander, D., and Gelse, K. (2007). Hypoxia and Osteoarthritis: How Chondrocytes
Survive Hypoxic Environments. Curr. Opin. Rheumatology 19(5), 457–462. doi:
doi:10.1097/BOR.0b013e3282ba5693

Pfander, D., Kobayashi, T., Knight, M. C., Zelzer, E., Chan, D. A., Olsen, B. R., et al.
(2004). Deletion of Vhlh in Chondrocytes Reduces Cell Proliferation and
Increases Matrix Deposition during Growth Plate Development.
Development 131 (10), 2497–2508. doi:10.1242/dev.01138

Frontiers in Pharmacology | www.frontiersin.org July 2022 | Volume 13 | Article 92712615

Zeng et al. HIF-1α in Osteoarthritis

https://doi.org/10.1186/s40659-020-00302-6
https://doi.org/10.1016/j.intimp.2020.106745
https://doi.org/10.1016/j.lfs.2016.01.029
https://doi.org/10.2147/DDDT.S255823
https://doi.org/10.1007/s00441-021-03532-6
https://doi.org/10.1007/s00441-021-03532-6
https://doi.org/10.1002/jcp.30361
https://doi.org/10.1038/sj.cdd.4402315
https://doi.org/10.1016/j.ecoenv.2021.112664
https://doi.org/10.1016/j.ecoenv.2021.112664
https://doi.org/10.1016/j.intimp.2019.105834
https://doi.org/10.1016/j.devcel.2019.05.030
https://doi.org/10.1021/jf0479719
https://doi.org/10.1021/jf0479719
https://doi.org/10.1177/19476035211035434
https://doi.org/10.1016/j.biopha.2019.109419
https://doi.org/10.1590/s0100-879x2012007500090
https://doi.org/10.1590/s0100-879x2012007500090
https://doi.org/10.3390/cells10092340
https://doi.org/10.3390/cells10092340
https://doi.org/10.1089/ten.2006.0265
https://doi.org/10.1089/ten.2006.0265
https://doi.org/10.1002/art.1780160509
https://doi.org/10.1002/art.1780160509
https://doi.org/10.1186/ar4272
https://doi.org/10.1038/nature14641
https://doi.org/10.1016/j.bioactmat.2019.04.001
https://doi.org/10.1016/j.bioactmat.2019.04.001
https://doi.org/10.1152/ajpheart.00987.2012
https://doi.org/10.1002/wsbm.1331
https://doi.org/10.1002/wsbm.1331
https://doi.org/10.1080/13880209.2017.1281968
https://doi.org/10.14670/HH-17.1239
https://doi.org/10.14670/HH-17.1239
https://doi.org/10.1016/j.ejphar.2018.10.051
https://doi.org/10.1002/jor.20168
https://doi.org/10.1186/ar2574
https://doi.org/10.1016/j.joca.2017.11.014
https://doi.org/10.1111/cpr.13047
https://doi.org/10.1038/cr.2010.159
https://doi.org/10.1038/s41598-020-62463-4
https://doi.org/10.1038/s41598-020-62463-4
https://doi.org/10.1089/ten.TEC.2013.0724
https://doi.org/10.3390/ijms18122656
https://doi.org/10.3390/ijms18122656
https://doi.org/10.3892/mmr.2017.6904
https://doi.org/10.1007/s00011-011-0410-x
https://doi.org/10.1007/s00011-011-0410-x
https://doi.org/10.1002/biof.1499
https://doi.org/10.1242/jcs.00385
https://doi.org/10.1097/BOR.0b013e3282ba5693
https://doi.org/10.1242/dev.01138
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


Pfander, D., Swoboda, B., and Cramer, T. (2006). The Role of HIF-1alpha in
Maintaining Cartilage Homeostasis and during the Pathogenesis of
Osteoarthritis. Arthritis Res. Ther. 8 (1), 104. doi:10.1186/ar1894

Pillarisetti, P., and Myers, K. A. (2018). Identification and Characterization of
Agnuside, a Natural Proangiogenic Small Molecule. Eur. J. Med. Chem. 160,
193–206. doi:10.1016/j.ejmech.2018.10.009

Popov, N., Herold, S., Llamazares, M., Schulein, C., and Eilers, M. (2007). Fbw7 and
Usp28 Regulate Myc Protein Stability in Response to DNADamage. Cell Cycle 6
(19), 2327–2331. doi:10.4161/cc.6.19.4804

Qing, L., Lei, P., Liu, H., Xie, J., Wang, L., Wen, T., et al. (2017). Expression of
Hypoxia-Inducible Factor-1alpha in Synovial Fluid and Articular Cartilage Is
Associated with Disease Severity in Knee Osteoarthritis. Exp. Ther. Med. 13 (1),
63–68. doi:10.3892/etm.2016.3940

Ramakrishna, R., Bhateria, M., Singh, R., Puttrevu, S. K., and Bhatta, R. S. (2016).
Plasma Pharmacokinetics, Bioavailability and Tissue Distribution of Agnuside
Following Peroral and Intravenous Administration in Mice Using Liquid
Chromatography Tandem Mass Spectrometry. J. Pharm. Biomed. Anal. 125,
154–164. doi:10.1016/j.jpba.2016.02.047

Richard, D. E., Berra, E., Gothie, E., Roux, D., and Pouyssegur, J. (1999). p42/
p44 Mitogen-Activated Protein Kinases Phosphorylate Hypoxia-Inducible
Factor 1alpha (HIF-1alpha) and Enhance the Transcriptional Activity of
HIF-1. J. Biol. Chem. 274 (46), 32631–32637. doi:10.1074/jbc.274.46.32631

Rigoglou, S., and Papavassiliou, A. G. (2013). The NF-Κb Signalling Pathway in
Osteoarthritis. Int. J. Biochem. Cell Biol. 45 (11), 2580–2584. doi:10.1016/j.
biocel.2013.08.018

Rius, J., Guma, M., Schachtrup, C., Akassoglou, K., Zinkernagel, A. S., Nizet, V.,
et al. (2008). NF-kappaB Links Innate Immunity to the Hypoxic Response
through Transcriptional Regulation of HIF-1alpha. Nature 453 (7196),
807–811. doi:10.1038/nature06905

Robins, J. C., Akeno, N., Mukherjee, A., Dalal, R. R., Aronow, B. J., Koopman, P.,
et al. (2005). Hypoxia Induces Chondrocyte-specific Gene Expression in
Mesenchymal Cells in Association with Transcriptional Activation of Sox9.
Bone 37 (3), 313–322. doi:10.1016/j.bone.2005.04.040

Rong, Y., Zhang, J., Jiang, D., Ji, C., Liu, W., Wang, J., et al. (2021). Hypoxic
Pretreatment of Small Extracellular Vesicles Mediates Cartilage Repair in
Osteoarthritis by Delivering miR-216a-5p. Acta Biomater. 122, 325–342.
doi:10.1016/j.actbio.2020.12.034

Ruas, J. L., Poellinger, L., and Pereira, T. (2002). Functional Analysis of Hypoxia-
Inducible Factor-1 Alpha-Mediated Transactivation. Identification of Amino
Acid Residues Critical for Transcriptional Activation And/or Interaction with
CREB-Binding Protein. J. Biol. Chem. 277 (41), 38723–38730. doi:10.1074/jbc.
M205051200

Ryu, D., Ryoo, I. G., and Kwak, M. K. (2018). Overexpression of CD44
Standard Isoform Upregulates HIF-1alpha Signaling in Hypoxic Breast
Cancer Cells. Biomol. Ther. Seoul. 26 (5), 487–493. doi:10.4062/biomolther.
2018.116

Saito, T., and Kawaguchi, H. (2010). HIF-2alpha as a Possible Therapeutic Target
of Osteoarthritis. Osteoarthr. Cartil. 18 (12), 1552–1556. doi:10.1016/j.joca.
2010.10.006

Salgado, C., Guénée, L., Černý, R., Allémann, E., and Jordan, O. (2020). Nano Wet
Milled Celecoxib Extended Release Microparticles for Local Management of
Chronic Inflammation. Int. J. Pharm. 589, 119783. doi:10.1016/j.ijpharm.2020.
119783

Sartori-Cintra, A. R., Mara, C. S., Argolo, D. L., and Coimbra, I. B. (2012).
Regulation of Hypoxia-Inducible Factor-1α (HIF-1α) Expression by
Interleukin-1β (IL-1β), Insulin-like Growth Factors I (IGF-I) and II (IGF-II)
in Human Osteoarthritic Chondrocytes. Clinics 67 (1), 35–40. doi:10.6061/
clinics/2012(01)06

Schild, Y., Mohamed, A., Wootton, E. J., Lewis, A., and Elks, P. M. (2020). Hif-
1alpha Stabilisation Is Protective against Infection in Zebrafish Comorbid
Models. FEBS J. 287 (18), 3925–3943. doi:10.1111/febs.15433

Schipani, E. (2005). Hypoxia and HIF-1 Alpha in Chondrogenesis. Semin. Cell Dev.
Biol. 16 (4-5), 539–546. doi:10.1016/j.semcdb.2005.03.003

Schipani, E. (2010). Posttranslational Modifications of Collagens as Targets of
Hypoxia and Hif-1alpha in Endochondral Bone Development. Ann. N. Y. Acad.
Sci. 1192, 317–321. doi:10.1111/j.1749-6632.2009.05236.x

Schipani, E., Ryan, H. E., Didrickson, S., Kobayashi, T., Knight, M., and Johnson, R.
S. (2001). Hypoxia in Cartilage: HIF-1alpha Is Essential for Chondrocyte

Growth Arrest and Survival. Genes Dev. 15 (21), 2865–2876. doi:10.1101/
gad.934301

Scholz, C. C., and Taylor, C. T. (2013). Targeting the HIF Pathway in Inflammation
and Immunity. Curr. Opin. Pharmacol. 13 (4), 646–653. doi:10.1016/j.coph.
2013.04.009

Semenza, G. L. (2014). Hypoxia-inducible Factor 1 and Cardiovascular Disease.
Annu. Rev. Physiol. 76, 39–56. doi:10.1146/annurev-physiol-021113-170322

Semenza, G. L. (2001). Hypoxia-inducible Factor 1: Control of Oxygen
Homeostasis in Health and Disease. Pediatr. Res. 49 (5), 614–617. doi:10.
1203/00006450-200105000-00002

Semenza, G. L., Roth, P. H., Fang, H. M., and Wang, G. L. (1994). Transcriptional
Regulation of Genes Encoding Glycolytic Enzymes by Hypoxia-Inducible Factor 1.
J. Biol. Chem. 269 (38), 23757–23763. doi:10.1016/s0021-9258(17)31580-6

Sharma, L. (2021). Osteoarthritis of the Knee. N. Engl. J. Med. 384 (1), 51–59.
doi:10.1056/NEJMcp1903768

Shea, C. A., and Murphy, P. (2021). The Primary Cilium on Cells of Developing
Skeletal Rudiments; Distribution, Characteristics and Response to Mechanical
Stimulation. Front. Cell Dev. Biol. 9, 725018. doi:10.3389/fcell.2021.725018

Shimomura, S., Inoue, H., Arai, Y., Nakagawa, S., Fujii, Y., Kishida, T., et al. (2021).
Mechanical Stimulation of Chondrocytes Regulates HIF-1alpha under Hypoxic
Conditions. Tissue Cell 71, 101574. doi:10.1016/j.tice.2021.101574

Shirakura, M., Tanimoto, K., Eguchi, H., Miyauchi, M., Nakamura, H., Hiyama, K.,
et al. (2010). Activation of the Hypoxia-Inducible Factor-1 in Overloaded
Temporomandibular Joint, and Induction of Osteoclastogenesis. Biochem.
Biophys. Res. Commun. 393 (4), 800–805. doi:10.1016/j.bbrc.2010.02.086

Song, J., Kang, Y. H., Yoon, S., Chun, C. H., and Jin, E. J. (2017). HIF-1alpha:CRAT:
miR-144-3p axis Dysregulation Promotes Osteoarthritis Chondrocyte
Apoptosis and VLCFA Accumulation. Oncotarget 8 (41), 69351–69361.
doi:10.18632/oncotarget.20615

Stegen, S., and Carmeliet, G. (2019). Hypoxia, Hypoxia-Inducible Transcription
Factors and Oxygen-Sensing Prolyl Hydroxylases in Bone Development and
Homeostasis. Curr. Opin. Nephrol. Hypertens. 28 (4), 328–335. doi:10.1097/
MNH.0000000000000508

Stegen, S., Laperre, K., Eelen, G., Rinaldi, G., Fraisl, P., Torrekens, S., et al. (2019).
HIF-1alpha Metabolically Controls Collagen Synthesis and Modification in
Chondrocytes. Nature 565 (7740), 511–515. doi:10.1038/s41586-019-0874-3

Strobel, S., Loparic, M., Wendt, D., Schenk, A. D., Candrian, C., Lindberg, R. L.,
et al. (2010). Anabolic and Catabolic Responses of Human Articular
Chondrocytes to Varying Oxygen Percentages. Arthritis Res. Ther. 12 (2),
R34. doi:10.1186/ar2942

Sun, H. L., Liu, Y. N., Huang, Y. T., Pan, S. L., Huang, D. Y., Guh, J. H., et al. (2007).
YC-1 Inhibits HIF-1 Expression in Prostate Cancer Cells: Contribution of Akt/
NF-kappaB Signaling to HIF-1alpha Accumulation during Hypoxia. Oncogene
26 (27), 3941–3951. doi:10.1038/sj.onc.1210169

Sun, J., Song, X., Su, L., and Cao, S. (2018). Long Non-coding RNA LncHIFCAR
Promotes Osteoarthritis Development via Positively Regulating HIF-1alpha
and Activating the PI3K/AKT/mTOR Pathway. Int. J. Clin. Exp. Pathol. 11 (6),
3000–3009.

Sun, K., Jing, X., Guo, J., Yao, X., and Guo, F. (2021). Mitophagy in Degenerative
Joint Diseases. Autophagy 17 (9), 2082–2092. doi:10.1080/15548627.2020.
1822097

Sun, K., Luo, J., Guo, J., Yao, X., Jing, X., and Guo, F. (2020). The PI3K/AKT/
mTOR Signaling Pathway in Osteoarthritis: a Narrative Review. Osteoarthr.
Cartil. 28 (4), 400–409. doi:10.1016/j.joca.2020.02.027

Sun, X., Wei, L., Chen, Q., and Terek, R. M. (2009). HDAC4 Represses Vascular
Endothelial Growth Factor Expression in Chondrosarcoma by Modulating
RUNX2 Activity. J. Biol. Chem. 284 (33), 21881–21890. doi:10.1074/jbc.M109.
019091

Svalastoga, E., and Kiœr, T. (1989). Oxygen Consumption, Diffusing Capacity and
Blood Flow of the Synovial Membrane in Osteoarthritic Rabbit Knee Joints.
Acta Veterinaria Scand. 30 (2), 121–125. doi:10.1186/bf03548047

Taheem, D. K., Jell, G., and Gentleman, E. (2020). Hypoxia Inducible Factor-1alpha
in Osteochondral Tissue Engineering. Tissue Eng. Part B Rev. 26 (2), 105–115.
doi:10.1089/ten.TEB.2019.0283

Taruc-Uy, R. L., and Lynch, S. A. (2013). Diagnosis and Treatment of
Osteoarthritis. Prim. Care 40 (4), 821–836. vii. doi:10.1016/j.pop.2013.08.003

Tavianatou, A. G., Caon, I., Franchi, M., Piperigkou, Z., Galesso, D., and
Karamanos, N. K. (2019). Hyaluronan: Molecular Size-dependent Signaling

Frontiers in Pharmacology | www.frontiersin.org July 2022 | Volume 13 | Article 92712616

Zeng et al. HIF-1α in Osteoarthritis

https://doi.org/10.1186/ar1894
https://doi.org/10.1016/j.ejmech.2018.10.009
https://doi.org/10.4161/cc.6.19.4804
https://doi.org/10.3892/etm.2016.3940
https://doi.org/10.1016/j.jpba.2016.02.047
https://doi.org/10.1074/jbc.274.46.32631
https://doi.org/10.1016/j.biocel.2013.08.018
https://doi.org/10.1016/j.biocel.2013.08.018
https://doi.org/10.1038/nature06905
https://doi.org/10.1016/j.bone.2005.04.040
https://doi.org/10.1016/j.actbio.2020.12.034
https://doi.org/10.1074/jbc.M205051200
https://doi.org/10.1074/jbc.M205051200
https://doi.org/10.4062/biomolther.2018.116
https://doi.org/10.4062/biomolther.2018.116
https://doi.org/10.1016/j.joca.2010.10.006
https://doi.org/10.1016/j.joca.2010.10.006
https://doi.org/10.1016/j.ijpharm.2020.119783
https://doi.org/10.1016/j.ijpharm.2020.119783
https://doi.org/10.6061/clinics/2012(01)06
https://doi.org/10.6061/clinics/2012(01)06
https://doi.org/10.1111/febs.15433
https://doi.org/10.1016/j.semcdb.2005.03.003
https://doi.org/10.1111/j.1749-6632.2009.05236.x
https://doi.org/10.1101/gad.934301
https://doi.org/10.1101/gad.934301
https://doi.org/10.1016/j.coph.2013.04.009
https://doi.org/10.1016/j.coph.2013.04.009
https://doi.org/10.1146/annurev-physiol-021113-170322
https://doi.org/10.1203/00006450-200105000-00002
https://doi.org/10.1203/00006450-200105000-00002
https://doi.org/10.1016/s0021-9258(17)31580-6
https://doi.org/10.1056/NEJMcp1903768
https://doi.org/10.3389/fcell.2021.725018
https://doi.org/10.1016/j.tice.2021.101574
https://doi.org/10.1016/j.bbrc.2010.02.086
https://doi.org/10.18632/oncotarget.20615
https://doi.org/10.1097/MNH.0000000000000508
https://doi.org/10.1097/MNH.0000000000000508
https://doi.org/10.1038/s41586-019-0874-3
https://doi.org/10.1186/ar2942
https://doi.org/10.1038/sj.onc.1210169
https://doi.org/10.1080/15548627.2020.1822097
https://doi.org/10.1080/15548627.2020.1822097
https://doi.org/10.1016/j.joca.2020.02.027
https://doi.org/10.1074/jbc.M109.019091
https://doi.org/10.1074/jbc.M109.019091
https://doi.org/10.1186/bf03548047
https://doi.org/10.1089/ten.TEB.2019.0283
https://doi.org/10.1016/j.pop.2013.08.003
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


and Biological Functions in Inflammation and Cancer. FEBS J. 286 (15),
2883–2908. doi:10.1111/febs.14777

Thoms, B. L., Dudek, K. A., Lafont, J. E., and Murphy, C. L. (2013). Hypoxia
Promotes the Production and Inhibits the Destruction of Human Articular
Cartilage. Arthritis Rheum. 65 (5), 1302–1312. doi:10.1002/art.37867

van Gastel, N., Stegen, S., Stockmans, I., Moermans, K., Schrooten, J., Graf, D., et al.
(2014). Expansion of Murine Periosteal Progenitor Cells with Fibroblast
Growth Factor 2 Reveals an Intrinsic Endochondral Ossification Program
Mediated by Bone Morphogenetic Protein 2. Stem Cells 32 (9), 2407–2418.
doi:10.1002/stem.1783

Vimalraj, S., Arumugam, B., Miranda, P. J., and Selvamurugan, N. (2015).
Runx2: Structure, Function, and Phosphorylation in Osteoblast
Differentiation. Int. J. Biol. Macromol. 78, 202–208. doi:10.1016/j.
ijbiomac.2015.04.008

Voit, R. A., and Sankaran, V. G. (2020). Stabilizing HIF to Ameliorate Anemia. Cell
180 (1), 6. doi:10.1016/j.cell.2019.12.010

Wang, G., Zhang, Y., Zhao, X., Meng, C., Ma, L., and Kong, Y. (2015). MicroRNA-
411 Inhibited Matrix Metalloproteinase 13 Expression in Human
Chondrocytes. Am. J. Transl. Res. 7 (10), 2000–2006.

Wang, P., Ding, J., Yang, G., Sun, W., Guo, H., and Zhao, Y. (2021). Study on the
Mechanism of Qigu Capsule in Upregulating NF-kappaB/HIF-1alpha Pathway
to Improve the Quality of Bone Callus in Mice at Different Stages of
Osteoporotic Fracture Healing. Evid. Based Complement. Altern. Med. 2021,
9943692. doi:10.1155/2021/9943692

Wang, P., Meng, Q., Wang, W., Zhang, S., Xiong, X., Qin, S., et al. (2020a). Icariin
Inhibits the Inflammation through Down-Regulating NF-kappaB/HIF-2alpha
Signal Pathways in Chondrocytes. Biosci. Rep. 40 (11). doi:10.1042/
BSR20203107

Wang, P., Xiong, X., Zhang, J., Qin, S., Wang, W., and Liu, Z. (2020b). Icariin
Increases Chondrocyte Vitality by Promoting Hypoxia-Inducible Factor-
1alpha Expression and Anaerobic Glycolysis. Knee 27 (1), 18–25. doi:10.
1016/j.knee.2019.09.012

Wang, P., Zhang, F., He, Q., Wang, J., Shiu, H. T., Shu, Y., et al. (2016). Flavonoid
Compound Icariin Activates Hypoxia Inducible Factor-1alpha in Chondrocytes
and Promotes Articular Cartilage Repair. PLoS One 11 (2), e0148372. doi:10.
1371/journal.pone.0148372

Wang, P., Zhu, P., Liu, R., Meng, Q., and Li, S. (2020c). Baicalin Promotes
Extracellular Matrix Synthesis in Chondrocytes via the Activation of
Hypoxia-Inducible Factor-1alpha. Exp. Ther. Med. 20 (6), 226. doi:10.3892/
etm.2020.9356

Wang, R., Wang, Y., Liu, N., Ren, C., Jiang, C., Zhang, K., et al. (2013). FBW7
Regulates Endothelial Functions by Targeting KLF2 for Ubiquitination and
Degradation. Cell Res. 23 (6), 803–819. doi:10.1038/cr.2013.42

Wang, T., and He, C. (2018). Pro-inflammatory Cytokines: The Link between
Obesity and Osteoarthritis. Cytokine Growth Factor Rev. 44, 38–50. doi:10.
1016/j.cytogfr.2018.10.002

Warbrick, I., and Rabkin, S. W. (2019). Hypoxia-inducible Factor 1-alpha (HIF-
1alpha) as a Factor Mediating the Relationship between Obesity and Heart
Failure with Preserved Ejection Fraction. Obes. Rev. 20 (5), 701–712. doi:10.
1111/obr.12828

Watanabe, H., Bohensky, J., Freeman, T., Srinivas, V., and Shapiro, I. M. (2008).
Hypoxic Induction of UCP3 in the Growth Plate: UCP3 Suppresses
Chondrocyte Autophagy. J. Cell Physiol. 216 (2), 419–425. doi:10.1002/jcp.
21408

Weidemann, A., and Johnson, R. S. (2008). Biology of HIF-1alpha. Cell Death
Differ. 15 (4), 621–627. doi:10.1038/cdd.2008.12

Weng, T., Xie, Y., Yi, L., Huang, J., Luo, F., Du, X., et al. (2014). Loss of Vhl in
Cartilage Accelerated the Progression of Age-Associated and Surgically
Induced Murine Osteoarthritis. Osteoarthr. Cartil. 22 (8), 1197–1205. doi:10.
1016/j.joca.2014.06.031

Wilmes, V., Lux, C., Niess, C., Gradhand, E., Verhoff, M. A., and Kauferstein, S.
(2020). Changes in Gene Expression Patterns in Postmortem Human
Myocardial Infarction. Int. J. Leg. Med. 134 (5), 1753–1763. doi:10.1007/
s00414-020-02311-2

Wu, W. J., Zhang, X. K., Zheng, X. F., Yang, Y. H., Jiang, S. D., and Jiang, L. S.
(2013). SHH-dependent Knockout of HIF-1 Alpha Accelerates the
Degenerative Process in Mouse Intervertebral Disc. Int. J. Immunopathol.
Pharmacol. 26 (3), 601–609. doi:10.1177/039463201302600304

Xia, B., Di, C., Zhang, J., Hu, S., Jin, H., and Tong, P. (2014). Osteoarthritis
Pathogenesis: a Review of Molecular Mechanisms. Calcif. Tissue Int. 95 (6),
495–505. doi:10.1007/s00223-014-9917-9

Xie, C. L., Li, J. L., Xue, E. X., Dou, H. C., Lin, J. T., Chen, K., et al. (2018). Vitexin
Alleviates ER-Stress-Activated Apoptosis and the Related Inflammation in
Chondrocytes and Inhibits the Degeneration of Cartilage in Rats. Food
Funct. 9 (11), 5740–5749. doi:10.1039/c8fo01509k

Xie, J., Wang, Y., Lu, L., Liu, L., Yu, X., and Pei, F. (2021). Cellular Senescence in
Knee Osteoarthritis: Molecular Mechanisms and Therapeutic Implications.
Ageing Res. Rev. 70, 101413. doi:10.1016/j.arr.2021.101413

Xu, G. (2018). HIF-1-mediated Expression of Foxo1 Serves an Important Role in
the Proliferation and Apoptosis of Osteoblasts Derived from Children’s Iliac
Cancellous Bone. Mol. Med. Rep. 17 (5), 6621–6631. doi:10.3892/mmr.2018.
8675

Xu, K., Lu, C., Ren, X., Wang, J., Xu, P., and Zhang, Y. (2021). Overexpression of
HIF-1alpha Enhances the Protective Effect of Mitophagy on Steroid-Induced
Osteocytes Apoptosis. Environ. Toxicol. 36 (11), 2123–2137. doi:10.1002/tox.
23327

Xu, X., Lv, H., Li, X., Su, H., Zhang, X., and Yang, J. (2018). Danshen Attenuates
Cartilage Injuries in Osteoarthritis In Vivo and In Vitro by Activating JAK2/
STAT3 and AKT Pathways. Exp. Anim. 67 (2), 127–137. doi:10.1538/expanim.
17-0062

Xue, J. F., Shi, Z. M., Zou, J., and Li, X. L. (2017). Inhibition of PI3K/AKT/mTOR
Signaling Pathway Promotes Autophagy of Articular Chondrocytes and
Attenuates Inflammatory Response in Rats with Osteoarthritis. Biomed.
Pharmacother. 89, 1252–1261. doi:10.1016/j.biopha.2017.01.130

Yang, D. I., Yin, J. H., Mishra, S., Mishra, R., and Hsu, C. Y. (2002). NO-mediated
Chemoresistance in C6 Glioma Cells. Ann. N. Y. Acad. Sci. 962, 8–17. doi:10.
1111/j.1749-6632.2002.tb04052.x

Yang, F., Huang, R., Ma, H., Zhao, X., andWang, G. (2020). miRNA-411 Regulates
Chondrocyte Autophagy in Osteoarthritis by Targeting Hypoxia-Inducible
Factor 1 Alpha (HIF-1alpha). Med. Sci. Monit. 26, e921155. doi:10.12659/
MSM.921155

Yang, H., Huang, J., Mao, Y., Wang, L., Li, R., and Ha, C. (2019a). Vitexin Alleviates
Interleukin-1beta-Induced Inflammatory Responses in Chondrocytes from
Osteoarthritis Patients: Involvement of HIF-1alpha Pathway. Scand.
J. Immunol. 90 (2), e12773. doi:10.1111/sji.12773

Yang, W., Ma, J., Zhou, W., Cao, B., Zhou, X., Zhang, H., et al. (2019b). Reciprocal
Regulations between miRNAs and HIF-1alpha in Human Cancers. Cell Mol.
Life Sci. 76 (3), 453–471. doi:10.1007/s00018-018-2941-6

Yang, W., Wei, X., Jiao, Y., Bai, Y., Sam, W. N., Yan, Q., et al. (2022). STAT3/HIF-
1alpha/fascin-1 axis Promotes RA FLSs Migration and Invasion Ability under
Hypoxia. Mol. Immunol. 142, 83–94. doi:10.1016/j.molimm.2021.12.004

Yang, X., Zhang, Q., Gao, Z., Yu, C., and Zhang, L. (2018). Baicalin Alleviates IL-
1beta-induced Inflammatory Injury via Down-Regulating miR-126 in
Chondrocytes. Biomed. Pharmacother. 99, 184–190. doi:10.1016/j.biopha.
2018.01.041

Yao, H., Xu, J. K., Zheng, N. Y., Wang, J. L., Mok, S. W., Lee, Y. W., et al. (2019).
Intra-articular Injection of Magnesium Chloride Attenuates Osteoarthritis
Progression in Rats. Osteoarthr. Cartil. 27 (12), 1811–1821. doi:10.1016/j.
joca.2019.08.007

Yao, H., Xu, J., Wang, J., Zhang, Y., Zheng, N., Yue, J., et al. (2021). Combination of
Magnesium Ions and Vitamin C Alleviates Synovitis and Osteophyte
Formation in Osteoarthritis of Mice. Bioact. Mater 6 (5), 1341–1352. doi:10.
1016/j.bioactmat.2020.10.016

Yao, Q., Parvez-Khan, M., and Schipani, E. (2020). In Vivo survival Strategies for
Cellular Adaptation to Hypoxia: HIF1alpha-dependent Suppression of
Mitochondrial Oxygen Consumption and Decrease of Intracellular Hypoxia
Are Critical for Survival of Hypoxic Chondrocytes. Bone 140, 115572. doi:10.
1016/j.bone.2020.115572

Yoshizawa, S., Brown, A., Barchowsky, A., and Sfeir, C. (2014). Magnesium Ion
Stimulation of Bone Marrow Stromal Cells Enhances Osteogenic Activity,
Simulating the Effect of Magnesium Alloy Degradation. Acta Biomater. 10
(6), 2834–2842. doi:10.1016/j.actbio.2014.02.002

Yu, H., Chen, B., and Ren, Q. (2019). Baicalin Relieves Hypoxia-Aroused H9c2 Cell
Apoptosis by Activating Nrf2/HO-1-Mediated HIF1alpha/BNIP3 Pathway.
Artif. Cells Nanomed Biotechnol. 47 (1), 3657–3663. doi:10.1080/21691401.
2019.1657879

Frontiers in Pharmacology | www.frontiersin.org July 2022 | Volume 13 | Article 92712617

Zeng et al. HIF-1α in Osteoarthritis

https://doi.org/10.1111/febs.14777
https://doi.org/10.1002/art.37867
https://doi.org/10.1002/stem.1783
https://doi.org/10.1016/j.ijbiomac.2015.04.008
https://doi.org/10.1016/j.ijbiomac.2015.04.008
https://doi.org/10.1016/j.cell.2019.12.010
https://doi.org/10.1155/2021/9943692
https://doi.org/10.1042/BSR20203107
https://doi.org/10.1042/BSR20203107
https://doi.org/10.1016/j.knee.2019.09.012
https://doi.org/10.1016/j.knee.2019.09.012
https://doi.org/10.1371/journal.pone.0148372
https://doi.org/10.1371/journal.pone.0148372
https://doi.org/10.3892/etm.2020.9356
https://doi.org/10.3892/etm.2020.9356
https://doi.org/10.1038/cr.2013.42
https://doi.org/10.1016/j.cytogfr.2018.10.002
https://doi.org/10.1016/j.cytogfr.2018.10.002
https://doi.org/10.1111/obr.12828
https://doi.org/10.1111/obr.12828
https://doi.org/10.1002/jcp.21408
https://doi.org/10.1002/jcp.21408
https://doi.org/10.1038/cdd.2008.12
https://doi.org/10.1016/j.joca.2014.06.031
https://doi.org/10.1016/j.joca.2014.06.031
https://doi.org/10.1007/s00414-020-02311-2
https://doi.org/10.1007/s00414-020-02311-2
https://doi.org/10.1177/039463201302600304
https://doi.org/10.1007/s00223-014-9917-9
https://doi.org/10.1039/c8fo01509k
https://doi.org/10.1016/j.arr.2021.101413
https://doi.org/10.3892/mmr.2018.8675
https://doi.org/10.3892/mmr.2018.8675
https://doi.org/10.1002/tox.23327
https://doi.org/10.1002/tox.23327
https://doi.org/10.1538/expanim.17-0062
https://doi.org/10.1538/expanim.17-0062
https://doi.org/10.1016/j.biopha.2017.01.130
https://doi.org/10.1111/j.1749-6632.2002.tb04052.x
https://doi.org/10.1111/j.1749-6632.2002.tb04052.x
https://doi.org/10.12659/MSM.921155
https://doi.org/10.12659/MSM.921155
https://doi.org/10.1111/sji.12773
https://doi.org/10.1007/s00018-018-2941-6
https://doi.org/10.1016/j.molimm.2021.12.004
https://doi.org/10.1016/j.biopha.2018.01.041
https://doi.org/10.1016/j.biopha.2018.01.041
https://doi.org/10.1016/j.joca.2019.08.007
https://doi.org/10.1016/j.joca.2019.08.007
https://doi.org/10.1016/j.bioactmat.2020.10.016
https://doi.org/10.1016/j.bioactmat.2020.10.016
https://doi.org/10.1016/j.bone.2020.115572
https://doi.org/10.1016/j.bone.2020.115572
https://doi.org/10.1016/j.actbio.2014.02.002
https://doi.org/10.1080/21691401.2019.1657879
https://doi.org/10.1080/21691401.2019.1657879
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


Yudoh, K., Nakamura, H., Masuko-Hongo, K., Kato, T., and Nishioka, K. (2005).
Catabolic Stress Induces Expression of Hypoxia-Inducible Factor (HIF)-1
Alpha in Articular Chondrocytes: Involvement of HIF-1 Alpha in the
Pathogenesis of Osteoarthritis. Arthritis Res. Ther. 7 (4), R904–R914. doi:10.
1186/ar1765

Yunus, M. H. M., Nordin, A., and Kamal, H. (2020). Pathophysiological
Perspective of Osteoarthritis. Med. Kaunas. 56 (11). doi:10.3390/
medicina56110614

Zhan, L., Huang, C., Meng, X. M., Song, Y., Wu, X. Q., Yang, Y., et al. (2015).
Hypoxia-inducible Factor-1alpha in Hepatic Fibrosis: A Promising Therapeutic
Target. Biochimie 108, 1–7. doi:10.1016/j.biochi.2014.10.013

Zhang, D., Lv, F. L., and Wang, G. H. (2018a). Effects of HIF-1alpha on Diabetic
Retinopathy Angiogenesis and VEGF Expression. Eur. Rev. Med. Pharmacol.
Sci. 22 (16), 5071–5076. doi:10.26355/eurrev_201808_15699

Zhang, F. J., Luo,W., and Lei, G. H. (2015b). Role of HIF-1alpha and HIF-2alpha in
Osteoarthritis. Jt. Bone Spine 82 (3), 144–147. doi:10.1016/j.jbspin.2014.10.003

Zhang, F., Liu, X., Li, B., Li, Z., Grad, S., Chen, D., et al. (2021a). The Effect of
Hyaluronic Acid on Nucleus Pulposus Extracellular Matrix Production through
Hypoxia-Inducible Factor-1α Transcriptional Activation of CD44 under
Hypoxia. Eur. Cell Mater 41, 142–152. doi:10.22203/eCM.v041a10

Zhang, F., Wang, J., Chu, J., Yang, C., Xiao, H., Zhao, C., et al. (2015a). MicroRNA-
146a Induced by Hypoxia Promotes Chondrocyte Autophagy through Bcl-2.
Cell Physiol. Biochem. 37 (4), 1442–1453. doi:10.1159/000438513

Zhang, J., and Ney, P. A. (2009). Role of BNIP3 and NIX in Cell Death, Autophagy,
and Mitophagy. Cell Death Differ. 16 (7), 939–946. doi:10.1038/cdd.2009.16

Zhang, J., Zhang, Q., Lou, Y., Fu, Q., Chen, Q., Wei, T., et al. (2018b). Hypoxia-
inducible Factor-1alpha/interleukin-1beta Signaling Enhances Hepatoma
Epithelial-Mesenchymal Transition through Macrophages in a Hypoxic-
Inflammatory Microenvironment. Hepatology 67 (5), 1872–1889. doi:10.
1002/hep.29681

Zhang, L., Li, X., Zhang, H., Huang, Z., Zhang, N., Zhang, L., et al. (2021b).
Agnuside Alleviates Synovitis and Fibrosis in Knee Osteoarthritis through the
Inhibition of HIF-1alpha and NLRP3 Inflammasome. Mediat. Inflamm. 2021,
5534614. doi:10.1155/2021/5534614

Zhang, L., Zhang, L., Huang, Z., Xing, R., Li, X., Yin, S., et al. (2019a). Increased
HIF-1alpha in Knee Osteoarthritis Aggravate Synovial Fibrosis via Fibroblast-
like Synoviocyte Pyroptosis. Oxid. Med. Cell Longev. 2019, 6326517. doi:10.
1155/2019/6326517

Zhang, S., and Yao, Y. (2021). The Role of Mechanical Regulation in Cartilage
Tissue Engineering. Curr. Stem Cell Res. Ther. 16 (8), 939–948. doi:10.2174/
1574888X16666210303151538

Zhang, Y., Liu, D., Hu, H., Zhang, P., Xie, R., and Cui, W. (2019b). HIF-1alpha/
BNIP3 Signaling Pathway-Induced-Autophagy Plays Protective Role during
Myocardial Ischemia-Reperfusion Injury. Biomed. Pharmacother. 120, 109464.
doi:10.1016/j.biopha.2019.109464

Zhang, Z., Yao, L., Yang, J., Wang, Z., and Du, G. (2018c). PI3K/Akt and HIF1
Signaling Pathway in Hypoxiaischemia (Review). Mol. Med. Rep. 18 (4),
3547–3554. doi:10.3892/mmr.2018.9375

Zheng, L., Zhang, Z., Sheng, P., and Mobasheri, A. (2021). The Role of Metabolism
in Chondrocyte Dysfunction and the Progression of Osteoarthritis. Ageing Res.
Rev. 66, 101249. doi:10.1016/j.arr.2020.101249

Zhong, Y., Yin, B., Ye, Y., Dekhel, O., Xiong, X., Jian, Z., et al. (2021). The
Bidirectional Role of the JAK2/STAT3 Signaling Pathway and Related
Mechanisms in Cerebral Ischemia-Reperfusion Injury. Exp. Neurol. 341,
113690. doi:10.1016/j.expneurol.2021.113690

Zhou, F., Mei, J., Han, X., Li, H., Yang, S., Wang, M., et al. (2019a). Kinsenoside
Attenuates Osteoarthritis by Repolarizing Macrophages through Inactivating
NF-kappaB/MAPK Signaling and Protecting Chondrocytes. Acta Pharm. Sin. B
9 (5), 973–985. doi:10.1016/j.apsb.2019.01.015

Zhou, N., Hu, N., Liao, J. Y., Lin, L. B., Zhao, C., Si, W. K., et al. (2015). HIF-1alpha
as a Regulator of BMP2-Induced Chondrogenic Differentiation, Osteogenic
Differentiation, and Endochondral Ossification in Stem Cells. Cell Physiol.
Biochem. 36 (1), 44–60. doi:10.1159/000374052

Zhou, N., Li, Q., Lin, X., Hu, N., Liao, J. Y., Lin, L. B., et al. (2016). BMP2 Induces
Chondrogenic Differentiation, Osteogenic Differentiation and Endochondral
Ossification in Stem Cells. Cell Tissue Res. 366 (1), 101–111. doi:10.1007/
s00441-016-2403-0

Zhou, Z. B., Huang, G. X., Fu, Q., Han, B., Lu, J. J., Chen, A. M., et al. (2019b).
circRNA.33186 Contributes to the Pathogenesis of Osteoarthritis by
Sponging miR-127-5p. Mol. Ther. 27 (3), 531–541. doi:10.1016/j.ymthe.
2019.01.006

Zhu, H., Wang, X., Han, Y., Zhang, W., Xin, W., Zheng, X., et al. (2018). Icariin
Promotes the Migration of Bone Marrow Stromal Cells via the SDF-1alpha/
HIF-1alpha/CXCR4 Pathway. Drug Des. Devel Ther. 12, 4023–4031. doi:10.
2147/DDDT.S179989

Zhu, J., Tang, Y., Wu, Q., Ji, Y. C., Feng, Z. F., and Kang, F. W. (2019). HIF-
1alpha Facilitates Osteocyte-Mediated Osteoclastogenesis by Activating
JAK2/STAT3 Pathway In Vitro. J. Cell Physiol. 234 (11), 21182–21192.
doi:10.1002/jcp.28721

Zhu, W. J., Chang, B. Y., Wang, X. F., Zang, Y. F., Zheng, Z. X., Zhao, H. J., et al.
(2020). FBW7 Regulates HIF-1alpha/VEGF Pathway in the IL-1beta Induced
Chondrocytes Degeneration. Eur. Rev. Med. Pharmacol. Sci. 24 (11),
5914–5924. doi:10.26355/eurrev_202006_21484

Zitka, O., Kukacka, J., Krizkova, S., Huska, D., Adam, V., Masarik, M., et al. (2010).
Matrix Metalloproteinases. Curr. Med. Chem. 17 (31), 3751–3768. doi:10.2174/
092986710793213724

Zou, L. X., Yu, L., Zhao, X. M., Liu, J., Lu, H. G., Liu, G. W., et al. (2019). MiR-375
Mediates Chondrocyte Metabolism and Oxidative Stress in Osteoarthritis
Mouse Models through the JAK2/STAT3 Signaling Pathway. Cells Tissues
Organs 208 (1-2), 13–24. doi:10.1159/000504959

Zu, Y., Mu, Y., Li, Q., Zhang, S. T., and Yan, H. J. (2019). Icariin Alleviates
Osteoarthritis by Inhibiting NLRP3-Mediated Pyroptosis. J. Orthop. Surg. Res.
14 (1), 307. doi:10.1186/s13018-019-1307-6

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Zeng, Wang and Hua. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (CC BY). The use,
distribution or reproduction in other forums is permitted, provided the original
author(s) and the copyright owner(s) are credited and that the original publication
in this journal is cited, in accordance with accepted academic practice. No use,
distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Pharmacology | www.frontiersin.org July 2022 | Volume 13 | Article 92712618

Zeng et al. HIF-1α in Osteoarthritis

https://doi.org/10.1186/ar1765
https://doi.org/10.1186/ar1765
https://doi.org/10.3390/medicina56110614
https://doi.org/10.3390/medicina56110614
https://doi.org/10.1016/j.biochi.2014.10.013
https://doi.org/10.26355/eurrev_201808_15699
https://doi.org/10.1016/j.jbspin.2014.10.003
https://doi.org/10.22203/eCM.v041a10
https://doi.org/10.1159/000438513
https://doi.org/10.1038/cdd.2009.16
https://doi.org/10.1002/hep.29681
https://doi.org/10.1002/hep.29681
https://doi.org/10.1155/2021/5534614
https://doi.org/10.1155/2019/6326517
https://doi.org/10.1155/2019/6326517
https://doi.org/10.2174/1574888X16666210303151538
https://doi.org/10.2174/1574888X16666210303151538
https://doi.org/10.1016/j.biopha.2019.109464
https://doi.org/10.3892/mmr.2018.9375
https://doi.org/10.1016/j.arr.2020.101249
https://doi.org/10.1016/j.expneurol.2021.113690
https://doi.org/10.1016/j.apsb.2019.01.015
https://doi.org/10.1159/000374052
https://doi.org/10.1007/s00441-016-2403-0
https://doi.org/10.1007/s00441-016-2403-0
https://doi.org/10.1016/j.ymthe.2019.01.006
https://doi.org/10.1016/j.ymthe.2019.01.006
https://doi.org/10.2147/DDDT.S179989
https://doi.org/10.2147/DDDT.S179989
https://doi.org/10.1002/jcp.28721
https://doi.org/10.26355/eurrev_202006_21484
https://doi.org/10.2174/092986710793213724
https://doi.org/10.2174/092986710793213724
https://doi.org/10.1159/000504959
https://doi.org/10.1186/s13018-019-1307-6
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles

	HIF-1α in Osteoarthritis: From Pathogenesis to Therapeutic Implications
	1 Introduction
	2 Regulation and Function of HIF-1α
	2.1 Structure of HIF-1α Protein
	2.2 Regulation of HIF-1α in Diseases

	3 Evidence for Hypoxia and Osteoarthritis
	3.1 Hypoxia and Articular Cartilage
	3.2 Hypoxia and Osteoarthritis

	4 Pathogenesis of HIF-1α in Osteoarthritis
	4.1 HIF-1α and Chondrocytes
	4.2 HIF-1α and Molecular Composition of Extracellular Matrix
	4.3 HIF-1α and Autophagy of Chondrocytes
	4.4 HIF-1α and Glycolysis of Chondrocytes
	4.5 HIF-1α and Mitochondrial Dysfunction of Chondrocytes

	5 The Important Signal Pathway With HIF-1α
	5.1 JAK2/STAT3
	5.2 Mitogen-Activated Protein Kinases
	5.3 The Nuclear Factor Kappa B
	5.4 PI3K/AKT/mTOR
	5.5 Runx2

	6 The Treatments With HIF-1α in Osteoarthritis
	6.1 Hyaluronic Acid
	6.2 Pentosan Polysulfate
	6.3 Mg2+
	6.4 FBW7
	6.5 Mechanical Stimulation
	6.6 MicroRNA
	6.7 Circular RNA
	6.8 Chinese Herbal Medicine
	6.8.1 Agnuside, Casticin, and Vitexin
	6.8.2 Baicalin
	6.8.3 Icariin


	7 Conclusion
	Author Contributions
	Funding
	References


