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Abstract

During aging and after traumatic injuries, cartilage and bone cells are exposed

to various pathophysiologic mediators, including reactive oxygen species (ROS),
damage-associated molecular patterns, and proinflammatory cytokines. This det-
rimental environment triggers cellular stress and subsequent dysfunction, which

not only contributes to the development of associated diseases, that is, osteoporosis
and osteoarthritis, but also impairs regenerative processes. To counter ROS-mediated
stress and reduce the overall tissue damage, cells possess diverse defense mechanisms.
However, cellular antioxidative capacities are limited and thus ROS accumulation can
lead to aberrant cell fate decisions, which have adverse effects on cartilage and bone
homeostasis. In this narrative review, we address oxidative stress as a major driver

of pathophysiologic processes in cartilage and bone, including senescence, misdi-
rected differentiation, cell death, mitochondrial dysfunction, and impaired mitophagy
by illustrating the consequences on tissue homeostasis and regeneration. Moreo-

ver, we elaborate cellular defense mechanisms, with a particular focus on oxidative
stress response and mitophagy, and briefly discuss respective therapeutic strategies
to improve cell and tissue protection.
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Background

The steady increase of age-related diseases might be one of the most impactful down-
sides of our contemporary society. An unhealthy lifestyle, including insufficient exercise,
unhealthy food, and mental stress, enhance the risk of comorbidities in age. In addition,
cardiovascular disorders and musculoskeletal diseases, including osteoarthritis (OA)
and osteoporosis (OP), are considered to be the most common global age-related dis-
eases. While OA is defined as a whole-joint disease, characterized by cartilage destruc-
tion, synovial inflammation, severe pain, and immobility, OP is mainly associated with a
decrease in bone mass and subsequent compromised bone strength. Both OA and OP
are incurable and associated with disability in age, causing high economic costs. As in
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most degenerative and age-related diseases, oxidative stress has been identified as a cru-
cial driver of the underlying pathogenesis in OA and OP.

In addition to pro-inflammatory cytokines, reactive oxidative species (ROS) are con-
sidered to be the most important modulators of cell fate and behavior. The term “ROS’,
which will be used as collective term for both ROS and reactive nitrogen species in this
review, comprises unstable, thus reactive, molecules such as free radicals [superoxide
(+O57), hydroxyl radicals (-OH), or nitric oxide (-NO)] and their secondary products, for
example, hydrogen peroxide (H,O,) or peroxynitrite (ONOQO™).

It has been estimated that approximately 90% of endogenously produced ROS derive
from the mitochondrial electron transfer chain due to electron leakage in the course of
ATP production [1]. However, ROS can also be generated in other cell organelles, such
as the endoplasmic reticulum, peroxisomes, and lysosomes, as well as in the cytoplasm.
Various enzymes are involved in endogenous ROS production, including nicotinamide
adenine dinucleotide phosphate (NADPH) oxidases (NOXs), cytochrome P450, xan-
thine oxidase, and NO synthase among others [2].

At physiologic levels, ROS are considered to be second messengers and involved in
cellular function maintenance by orchestrating various processes, including prolifera-
tion, survival, and differentiation. Moreover, ROS have been associated with cellular
communication and immunomodulation, ranging from immune cell recruitment and
activation to immunosuppression [3].

The signal transduction of ROS is mainly based on redox-sensitive signaling pathways,
such as the nuclear factor-kB (NFkB) pathway as well as the mitogen-activated protein
kinases (MAPKs) pathways extracellular signal-regulated kinase 1/2 (Erk1/2), p38, and
c-Jun N-terminal kinases (JNK) [4, 5]. By contrast, several cysteine-containing enzymes
can be inactivated by means of an NO-dependent modification of thiol groups, termed
S-nitrosylation, as reported in the case of caspases as well as several transcription fac-
tors, including the NF«B-related proteins p50 and p65, or the subunits of activation pro-
tein 1, c-jun, and c-fos [5]. Therefore, ROS can both activate and inhibit redox-sensitive
pathways involved in (patho-)physiologic processes in a different manner. In the context
of mitogenic, nutrient uptake, or survival signals, epidermal growth factor) and platelet-
derived growth factor, for example, were found to transiently increase ROS generation
via NOXs to mediate receptor tyrosine phosphorylation and sustain subsequent signal
transduction [4].

In the following narrative review, we will elaborate why oxidative stress occurs upon
aging and how ROS regulate cell fate and behavior in different situations. During this
journey, we will particularly focus on OA and OP. While cartilage is thought to possess
only very poor capacity for repair, bone is characterized by a remarkable endogenous
regenerative potential. Therefore, pathophysiologic consequences of oxidative stress,
such as regulated cell death and senescence, will be predominantly discussed in the con-
text of OA. By contrast, the decisive role of ROS in regenerative processes, including
stem cell differentiation, but also consequences of mitochondrial dysfunction, will be
addressed in the context of fracture healing and OP, because bone is normally consid-
ered to be a highly regenerative tissue.

First, a general introduction into the cellular antioxidant defense system as well as rele-
vant regulators and pathways will be given. Moreover, the disturbance of the antioxidant
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defense in OA and OP patients will be addressed, including clinical biomarkers of oxida-
tive stress. Afterwards, we will focus on ROS-mediated cell fate decision in OA, com-
prising regulated chondrocyte death, such as apoptosis, ferroptosis, necroptosis, and
pyroptosis, as well as stress-induced premature senescence (SIPS). Subsequently, we
will discuss the role of ROS in bone remodeling and fracture healing as well as the con-
sequences of oxidative stress in cell fate regulation in OP. Moreover, we will focus on
mitophagy and describe different therapeutic strategies targeting oxidative stress and
mitochondrial dysfunction.

The cellular antioxidant defense system

Disturbance of the fine-tuned ROS balance has detrimental consequences on cells and
thus tissue homeostasis. The product of superoxide and nitric oxide, namely peroxyni-
trite, represents one of the most cytotoxic ROS. Cell toxicity by peroxynitrite is mainly
based on its reaction with biomolecules, resulting in lipid peroxidation, S-nitrosylation
of glutathione (GSH) and enzymes, deamination of DNA bases, or even DNA single-
strand breakage [6].

Some physiologic processes, for example, osteogenic or chondrogenic differentiation,
require well-balanced ROS levels. Differentiation is an energy-intensive process associ-
ated with enhanced ROS production due to increased mitochondrial activity to satisfy
the required ATP demand. At the same time, ROS are essential inducers of cell differen-
tiation by modulating signaling pathways and subsequent transcription. However, both
excessive and too low ROS levels impair differentiation [7-9]. Therefore, an intact cel-
lular antioxidant system is required to sustain a physiologic redox homeostasis and cope
with excessive ROS levels, thus ensuring cell function and preventing damage.

The cellular antioxidant system consists of enzymatic antioxidants, for example,
superoxide dismutases (SODs), catalase (CAT), and glutathione peroxidase (GPX), as
well as non-enzymatic ROS scavengers, for example, GSH, ascorbic acid (vitamin C),
a-tocopherol (vitamin E), and carotenoids [10, 11].

SODs are a group of antioxidants that are part of the first line antioxidant defense.
In mammals, there are three forms of SOD enzymes: cytoplasmic SOD1 (Cu/ZnSOD),
mitochondrial SOD2 (MnSOD), and extracellular SOD3 (Cu/ZnSOD) [12]. SODs con-
vert highly reactive superoxide into less harmful H,O, [13], which can then be neutral-
ized into oxygen and water by CAT or GPX. Moreover, SOD2-generated H,O, serves,
for example, as a positive regulator of mitochondrial biogenesis [14, 15]. Elimination of
superoxide by SODs prevents cellular damage and maintains mitochondrial function
[16], thus protecting against cell death or senescence. It is noteworthy that global as well
as a brain-specific knockout of SOD2 leads to neonatal death as observed between 10
and 25 days after birth, depending on the mouse model [17-19].

The GSH system represents another important component of the first line antioxidant
defense, comprising GSH, GPX, and glutathione reductase. GSH can act both as a non-
enzymatic free ROS scavenger and as a precursor of GPX, which reduces peroxides by
using GSH as an electron donor, resulting in oxidized GSH (GSSG) as an end product.
The flavoprotein glutathione reductase, in turn, converts GSSG into its reduced form
and thus active GSH in a NADPH-consuming reaction, which closes the GSH redox
cycle [20].
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Different enzymes and pathways are involved in the regulation of cellular antioxidants,
thus maintaining the redox homeostasis and promoting cell protection under oxidative
stress. In the following paragraphs, we will address some of the most important regula-
tors in more detail.

Sirtuins and forkhead box O (FoxO) proteins

Sirtuins comprise a family of seven members—SIRT1-7—of cytosolic and mitochon-
drial nicotinamide adenine dinucleotide (NAD)-dependent deacetylases. They are
essential in terms of cellular anti-aging mechanisms, by being involved in DNA repair,
antioxidative defense regulation, and immunomodulation. Therefore, sirtuins are con-
sidered to be important targets to counteract age-related diseases, including OA and OP
[21, 22]. Indeed, sirtuins have been found to maintain tissue anabolism, prevent apop-
totic cell death, and attenuate senescence and inflammation in cartilage [23-27] as well
as in bone [28, 29]. Sirtuins are important regulators of autophagy and mitochondria-
specific autophagy (mitophagy) in chondrocytes and osteoblasts, thus contributing to
cellular survival and function [23, 30-32]. Beyond mitophagy, sirtuins, and in particular
mitochondrial SIRT3/4/5, are further involved in mitochondrial function maintenance
by regulating mitochondrial biogenesis and translation and deacetylation of various
enzymes associated with the electron transfer chain, in particular oxidative phosphoryl-
ation complexes [33—36]. Overall, deficiencies in cytoplasmic (SIRT1) or mitochondrial
(SIRT3) sirtuins were demonstrated to promote OA and OP progression in mice [29,
37-39].

Sirtuin-mediated cell and tissue protective effects are mainly attributed to the modu-
lation of transcription factors, such as p53, NF-kB, or FoxO 1, 3A, and 4 [25, 28, 40].
Deacetylation of FoxO proteins, for example, results in gene expression of antioxidant
proteins, including SOD2, CAT, peroxiredoxins, thioredoxin, and thioredoxin reductase,
thus ameliorating ROS accumulation and subsequent cell damage [40].

FoxO activity is negatively regulated by the phosphatidylinositol 3-kinase/Akt path-
way, which promotes AKT-dependent phosphorylation and subsequent cytoplasmic
retention. JNK or AMP-activated protein kinase (AMPK) signaling, in turn, results in
the activation of FoxO proteins, which enables their nuclear translocation and transla-
tion of target genes via the FoxO binding consensus domain [41-43]. Both pathways are
considered to be stress-responsive and play an important role in ROS defense and cell
survival during oxidative stress [44]. FoxO1 and 3 expression was found to be suppressed
in aged and OA cartilage derived from both, human donors and experimental murine
models, accompanied by enhanced FoxO phosphorylation and thus inactivation of the
proteins [45].

Keap1-Nrf2 pathway

The Keapl-Nrf2 pathway has been considered to be the most important classical regula-
tory mechanism regarding cellular detoxification and antioxidant defense [46]. Indeed,
nuclear factor erythroid 2-related factor 2 (Nrf2) represents a master regulator of anti-
oxidant and cell protective genes, by binding and activating cis-acting enhancer anti-
oxidant response element (ARE) sequences [47]. AREs are located in the promoters of

genes encoding proteins associated with detoxification and antioxidative defense, for
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example, SODs, CAT, quinone reductase, glutathione S-transferase, heme oxygenase-1
(HO-1), thioredoxin, and UDP-glucuronyl transferase, as well as the Nrf2 gene itself [46,
48, 49]. Nrf2 activity is constitutively regulated by Kelch-like ECH-associated protein 1
(Keapl), which binds to Nrf2, resulting in its cytosolic retention and the promotion of
Cullin 3-mediated ubiquitination and subsequent proteasomal degradation [50]. Upon
exposure to oxidative or electrophilic stress, the cysteine-based redox sensors of Keapl
are oxidized, which allows newly translated Nrf2 to translocate into the nucleus, heter-
odimerize with small Maf proteins, and initiate ARE-dependent transcription [51-53].
In addition to the transcriptional control of antioxidants, the Nrf2 pathway has been
described to be involved in mitochondrial homeostasis. Nrf2 was found to induce mito-
chondrial biogenesis by promoting the transcription of mitochondrial transcription fac-
tor A—the key enhancer protein of mitochondrial DNA (mtDNA) replication [54, 55].
Moreover, Nrf2 contributes to mitophagy-mediated elimination of dysfunctional mito-
chondria by regulating the transcription of PTEN-induced putative kinase 1 (PINK1)
[56, 57] and the autophagic adaptor protein sequestosome-1 (p62/SQSTM1) [58]. Inter-
estingly, p62, in turn, has been found to interact with the Nrf2-binding site on Keapl,
thus competing with Nrfl. Consequently, elevated p62 levels result in Nrf2 pathway acti-
vation, creating a positive feedback loop [58, 59]. Due to its protective role during cel-
lular stress, Nrf2 activation represents a promising therapeutic strategy in acute tissue
trauma as well as age-related diseases, comprising neurodegenerative diseases as well
as OA and OP [60-64]. Indeed, Nrf2 deficiency was found to induce age-related OP in
female mice [65] and OA in different mouse models [66].

Hypoxia-inducible factor (HIF)-1/2a pathway

Hypoxia-inducible factor-1 « and 2 o (HIF-1/2a) are highly conserved transcription fac-
tors, which both heterodimerize with HIF-1p upon hypoxia, forming the transcription
factors HIF-1 and HIF-2, respectively. Subsequent binding to the hypoxia responsive ele-
ment sequence promotes a positive transcriptional response [67]. However, HIF-1 and
HIF-2 differ regarding the target genes, as demonstrated in the case of OA, where these
transcription factors mediate virtually opposite effects [68].

Under normoxic conditions, the oxygen-dependent degradation domains of the HIF-a
subunits are post-translationally hydroxylated by prolyl hydroxylases, which promotes
their interaction with the von Hippel-Lindau tumour suppressor protein and induces
subsequent ubiquitination and proteasomal degradation [69]. Hydroxylation of specific
proline residues and subsequent ubiquitination does not occur under hypoxic condi-
tions, allowing HIF-a subunit accumulation and nuclear translocation. In the nucleus,
the HIF-a subunit dimerises with HIF-1p and binds to hypoxia responsive element-con-
taining promoter regions, regulating the transcription of hundreds of target genes [70,
71].

It is understood that crosstalk occurs between the oxygen- and redox-responsive path-
ways. Indeed, hypoxia leads to mitochondrial ROS accumulation resulting from ineffi-
cient electron transfer through the electron transfer chain due to oxygen limitation—the
terminal electron acceptor [72]. Mitochondrial ROS, in turn, trigger hypoxia-induced
transcription through HIF-1/2a [73, 74]. HIF-1 has been reported to alleviate hypoxia-
related mitochondrial ROS generation in different ways. For example, it can act as a
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regulator of mitophagy by inducing the gene expression of Bcl-2/adenovirus E1B 19-kDa
interacting protein, an essential factor in beclinl-dependent autophagy and mitophagy
[75], thus promoting cell and tissue protection as well as tissue regeneration after injury,
as demonstrated during fracture healing [76]. In detail, mitophagy-driven elimination
of dysfunctional mitochondria prevents mitochondrial ROS accumulation, and conse-
quent apoptotic cell death and senescence, as demonstrated in different animal models,
including a surgery-induced OA model [75, 77]. By contrast, HIF-1 was observed to be
involved in the reduction of mitochondrial cristae, mitochondrial biogenesis, and oxi-
dative stress levels by induction of Hes-related family BHLH transcription factor with
YRPW motif, a negative regulator of PINKI, in the context of hepatocellular carcinoma
[78].

Interestingly, HIF-1 transcription was found to be enhanced upon oxidative stress,
resulting in an induction of different sets of HIF-1 target genes in pulmonary artery and
vascular smooth muscle cells [79, 80]. It has been assumed that ROS upregulates HIF-1
transcription via NFkB pathway activation and subsequent binding of p50 and p65 at a
newly identified NFkB binding site in the HIF-1 promoter region [79]. As well as this
NF«B binding site, additional Nrf2-binding sites, AREs, were found recently in HIFla
promoters [81]. Enhanced HIF-1 expression might counteract degradation of the protein
and thus allow HIF-1 signaling under mild hypoxia conditions [82].

Beyond the transcriptional level, HIFs have also been demonstrated to be post-trans-
lationally regulated by ROS. Indeed, acetylated HIF-1 can be inactivated by the redox-
sensing deacetylase SIRT1. During hypoxia, SIRT1 is assumed to be downregulated due
to decreased NAD™ levels, thus promoting HIF-1a acetylation and its subsequent acti-
vation. In the case of SIRT1-mediated HIF-2a inactivation, contradictory findings have
been observed [83—85], which might be explained by a cell type-dependent regulation
[86]. Moreover, enhanced ROS levels were found to stabilize HIF-1 and HIF-2 by reduc-
ing the posttranscriptional hydroxylation of the HIF subunits most likely via inhibition
of post-translationally hydroxylated by prolyl hydroxylases [87, 88].

Taken together, it is clearly reported that mitochondrial ROS accumulation correlates
with HIF-a stabilization during hypoxia, while exogenous ROS enhance HIF-1 protein
levels under normoxia [89], demonstrating the close relationship between the hypoxia-

and redox-sensitive pathways.

Evidence of compromised antioxidant defense in OA and OP patients

It is understood that enhanced ROS production and subsequent oxidative stress under
pathophysiologic conditions mainly results from mitochondrial dysfunction, an upreg-
ulation of ROS-producing enzymes, and coincident impairment of the antioxidant
defense system [90, 91]. The Nrf2 promoter consists of CpG islands, which are thought
to be epigenetically modified upon aging, thus blocking the transcription of Nrf2 [92].
Accordingly, enhanced Nrf2 promoter hypermethylation was reported in both OP
patients and ovariectomized mice [93]. In agreement with these findings, decreased
Nrf2 protein levels were observed in cartilage of aged or OA donors and OA chondro-
cytes [94, 95]. This dysregulation of Nrf2 inevitably promoted mitochondrial dysfunc-
tion and thus enhanced ROS production [95-97]. The coincident reduction in cellular

antioxidant expression results in a reduced ability to counter oxidative stress and thus
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enhanced cellular damage—a vicious cycle. An overview of the redox balance in cell
fate decision, including proteins of the cellular antioxidant defense and ROS-associated
markers, is given in Fig. 1.

Regarding cellular antioxidant enzymes, a significant correlation between decreas-
ing GSH/GSSG and bone mineral destiny (BMD) was reported in postmenopausal
women [98]. Accordingly, GSH/GSSG ratios were significantly lower in chondrocytes
isolated from elderly donors as compared to cell derived from young donors [99]. This
change in the GSH/GSSG ratio might result from a reduction in NADPH, the co-fac-
tor of glutathione reductase, the synthesis of which might be dysregulated in aging and
senescence, as recently reviewed [100, 101]. In addition to the decline in active GSH,
significantly lower SOD and CAT levels were found in respective tissue samples of OA
and OP patients [93, 102—-104]. Additionally, enhanced post-translational lysine acety-
lation and thus SOD2 inactivation was reported in human OA cartilage and in aged
rats [105, 106]. Fu et al. described that the addition of SIRT3, which was substantially
decreased upon aging, induced deacetylation, and subsequent SOD2 activation [105].
Although there are reports about a positive correlation between age and SIRT1 protein
levels, implying a cellular response towards enhanced cellular stress [107], animal stud-
ies revealed a simultaneous decline in the enzymatic activity of the NAD-dependent
deacetylase, which might result from an age-related decrease in systemic NAD™ biosyn-
thesis [108]. Indeed, CD38 expression and activity, one of the main NADases, was found
to be increased upon aging and cause the age-associated NAD reduction, promoting
decreased sirtuin activity and enhanced mitochondrial dysfunction [109].

Taken together, the decrease in the cellular antioxidant defense system results in
enhanced oxidative stress with age. Accordingly, enhanced levels of malondialdehyde
(MDA) and 4-hydroxynonenal (4-HNE), the major aldehydic products and thus most
commonly used biomarkers of lipid peroxidation, were found in cartilage as well as syn-
ovial fluid or cells of OA patients [106, 110—112]. Moreover, mitochondrial and genomic
DNA damage in human chondrocytes was associated with age and OA [113, 114]. In
postmenopausal women, a positive correlation between urinary 8-hydroxy 2’-deoxy-
guanosine (8-OHdG), a marker for DNA damage, and serum receptor activator of NFkB
(RANK) ligand (RANKL) was found [115]. Furthermore, plasma NO and serum MDA

Physiological Pathophysiological
ROS levels ROS levels
o A ;'\ / A
H = 2
2 2
3 »
£ 2
S ®
2 ]

i) 3
5 NRF2/ARE
Differentiation Senescence Cell death
Migration
Survival

Fig. 1 Overview of the redox balance in cell fate decision. The decrease of cellular antioxidant defense
mechanisms (blue area) results in an increase of oxidative stress, driven and characterized by various factors
(gray area). Alterations in the redox balance differentially effect cellular behavior and fate, ranging from
physiological to pathophysiological processes
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levels were significantly higher in women suffering from OP as compared to the con-
trol group [116]. In agreement with this, ROS-related protein damage, which was deter-
mined by plasma advanced oxidation protein products (AOPPs) levels, was significantly
elevated in postmenopausal OP women. These AOPPs levels were positively corre-
lated with markers of bone turnover, bone-specific alkaline phosphatase, and tartrate-
resistant acid phosphatase 5b and negatively correlated with lumbar BMD of the overall
cohort [117].

ROS-mediated cell fate decision in OA

OA is a multifactorial disease, mainly associated with age, sex, and obesity, but can also
result from other risk factors, such as genetic predisposition and injuries of joint-related
tissues. In contrast to idiopathic OA, which cannot be assigned to a certain inducer,
posttraumatic OA (PTOA) is considered to be a result of preceding joint injuries. While
PTOA accounts for only approximately 12% of all symptomatic OA cases, it has been
presumed that between 20 and 78% of cases of ankle OA are posttraumatic [118, 119].

The pathomechanisms of idiopathic OA and PTOA are considered to be largely simi-
lar, comprising cell death, low-grade inflammation, oxidative stress, and consequent cel-
lular dysfunction. The last is very complex and includes ROS- and/or cytokine-triggered
chondrocyte phenotypical alteration, such as hypertrophy and senescence. Driven by
the pathophysiologic conditions, hypertrophic and senescent cells exhibit a dysfunc-
tional behavior characterized by excessive production of pro-inflammatory mediators
and matrix-degradative enzymes, for example, matrix metalloproteinases (MMPs) and a
desintegrin metalloproteinases with thrombospontin motive (ADAMTS), driving ongo-
ing cartilage degeneration—the major hallmark of OA [120]. While chondrocyte hyper-
trophy is primarily considered as a physiologic mechanism associated to endochondral
ossification in the growth plate during skeletal development or fracture healing, this
so-called terminal differentiation of chondrocytes can also be observed in OA carti-
lage [121]. Although the underlying mechanisms promoting the phenotypical alteration
from a mature articular chondrocyte towards the hypertrophic phenotype has not been
completely understood, there is common agreement that this process is triggered by
pathophysiologic conditions, including oxidative stress [122], and that accumulation of
hypertrophic chondrocytes in cartilage tissue contributes to OA pathogenesis. Accord-
ing to their role during endochondral ossification, hypertrophic chondrocytes in OA car-
tilage not only express high levels of collagen type 10, but also catabolic (i.e., ADAMTS5
and MMP-13), pro-inflammatory (i.e., CXCL1 and IL-8), and ossification-related mark-
ers (i.e., RUNX2 and alkaline phosphatase) [123]. Regarding their secretome, hyper-
trophic chondrocytes share various markers with senescent chondrocytes [120], which
will be described in the section “Role of ROS in SIPS” in more detail.

It should be noted that ROS-mediated changes in cellular function are not limited to
chondrocytes. As a whole-joint-disease, several joint-related tissues and their respec-
tive cell types are affected by the pathophysiologic environment and oxidative stress.
Accordingly, ROS accumulation modulates the behavior and fate of fibroblasts and mac-
rophages in the synovial membrane or osteoblasts and osteoclasts in the subchondral
bone. Similar to the phenotypical alterations in chondrocytes, synovial and bone-related
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cells develop a pro-inflammatory and catabolic phenotype, thus contributing to OA pro-
gression as reviewed elsewhere [11].

Besides the ROS-mediated phenotypical alterations in articular chondrocytes, the
stressful environment may also result in chondrocyte death, which is similarly associ-
ated with cartilage destruction. As the exclusive cartilage-building cell type expressing
collagen type II and aggrecan, the most abundant structural macromolecules in hyaline
cartilage, mature articular chondrocytes are essential to maintain tissue homeostasis.
A decline in chondrocyte number is highly detrimental due to the high hypocellularity
of cartilage, which consists of only 2—5% of cells. Moreover, cell death and subsequent
release of intracellular components and membrane fragments may function as damage-
associated molecular patterns (DAMPs), further fueling inflammatory processes [124].
Thus, particularly lytic cell death, such as ferroptosis, necroptosis, and pyroptosis, con-
tributes to progressive cartilage degeneration, creating a vicious cycle.

Taken together, both, chondrocyte cell death and survival represent a critical aspect
in OA progression. Indeed, surviving chondrocytes might cause even more harm than
those undergoing regulated cell death. This largely depends on two aspects: (i) the form
of regulated cell death—either “clean” or “dirty”—and (ii) the phenotype of the surviv-
ing chondrocyte—either functional or dysfunctional. In short, a damaged chondrocyte
undergoing apoptosis might be less harmful than an apoptosis-resistant, senescent
chondrocyte, releasing proinflammatory and catabolic mediators.

In the following paragraphs, we will focus on the decisive role of ROS in cell fate deci-
sion of chondrocytes under pathophysiologic conditions.

ROS in regulated cell death

Regulated cell death can occur as a physiologic process in embryonal development and
plays a pivotal role in tissue homeostasis maintenance. It might at first appear para-
doxical that cell death maintains tissue integrity, but elimination of damaged and thus
dysfunctional cells indeed prevents chronic inflammation and diseases [125]. Poten-
tial consequences of insufficient clearance of dysfunctional cells are elaborated in the
next chapter focusing on senescence (see “Role of ROS in stress-induced premature
senescence”).

Several modi of regulated cell death have been described in OA, comprising apoptosis,
necroptosis, pyroptosis, and ferroptosis [124, 126—128]. Although each type of cell death
is characterized by different effector proteins, all of them can be directly or indirectly
induced by oxidative stress. In terms of ROS-associated regulated cell death, p53 is con-
sidered to be a crucial key mediator [129]. In contrast to apoptosis, which is largely con-
sidered to be a clean and rather anti-inflammatory mode of regulated cell death, there
are several pro-inflammatory and thus detrimental forms of regulated cell death. The
pro-inflammatory feature of ferroptosis, necroptosis, and pyroptosis results from cell
membrane disruption and the consequent release of intracellular components, which
act as DAMPs. These mediators can bind to so-called pattern recognition receptors,
such as toll-like receptors 2 and 4, on synovial cells and chondrocytes, thus promoting a
pro-inflammatory response and consequent production of matrix-degradative enzymes
[120].
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In contrast to necrosis, which is characterized by passive membrane rupture, the
loss of cell integrity in ferroptosis, necroptosis, and pyroptosis is a controlled pro-
cess. In the case of necroptosis and pyroptosis, membrane permeabilization is medi-
ated by integration of pore-forming oligomers of mixed lineage kinase domain-like
(MLKL) and gasdermins (GSDMD), respectively. This mechanism appears to be simi-
lar to Bax/Bak-mediated mitochondrial outer membrane permeabilization in apopto-

sis [130].

In the following section, we will give a short overview of apoptotic, ferroptotic,
necroptotic, and pyroptotic cell death, and particularly focus on the executive role of
oxidative stress in this context. The involvement of ROS in the different modi of cell

death is outlined in Fig. 2.
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the pathophysiologic consequences, ROS and mitochondrial dysfunction (mtROS) play a decisive role in
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Apoptosis

In general, the plasma membrane of apoptotic cells remains intact during the self-
elimination process, preventing the release of intracellular components, which might
act as immunogenic DAMPs. Therefore, apoptosis has commonly been considered
to be an “immunologically silent” form of cell death. However, recent studies refute
this theory, because apoptotic cells have indeed been described to release DAMPs
under certain circumstances [131]. Currently, apoptotic cells are regarded to be meta-
bolically active and highly communicative cells, which exhibit a distinct secretome,
including nucleosome components and pro-regenerative apoptotic extracellular vesi-
cles, as well as anti-inflammatory and immunomodulatory metabolites [132-134].
These new findings imply that apoptotic cells might be involved in the modulation of
posttraumatic and pathophysiologic processes, thus being more than just damaged
cells waiting for phagocytic clearance [133].

Mechanistically, two main pathways of apoptosis can be distinguished—the intrinsic
and extrinsic pathways—which can both be activated by ROS as previously reviewed
[135]. In the case of intrinsic apoptosis, which is mainly associated with mitochon-
drial dysfunction or ER stress, ROS can activate the cell cycle regulators p53 and JNK,
which induce pro-apoptotic Bcl-2 family proteins such as Bak and Bax—antagonists
to anti-apoptotic proteins Bcl-xL and Bcl-2 in the outer mitochondrial membrane
(OMM)—eventually causing mitochondrial outer membrane permeabilization and
subsequent apoptosis [136, 137]. At low stress levels and potentially reversible cellu-
lar damage, p53 induces a cell cycle arrest allowing DNA repair. In this case, cell fate
is thought to be mainly influenced by the p53 level, including a complex regulation
mechanism of posttranscriptional modification and thus activation of the cell cycle
regulator, occurring in pulses [138]. However, p53-induced cell cycle arrest might also
lead to senescence.

Moreover, ROS accumulation results in oxidation of cardiolipin, the signature phos-
pholipid in the inner mitochondrial membrane, as well as mitochondrial depolarization
and subsequent opening of Bax/Bak channels in the OMM, resulting in mitochondrial
outer membrane permeabilization. Taken together, these processes cause the release of
pro-apoptotic mediators, such as cytochrome ¢ and apoptosis-inducing factor (AIF).
AIF is translocated to the nucleus, where the protein causes chromatin condensation
and DNA fragmentation, thus initiating caspase-independent apoptosis. By contrast,
cytochrome c interacts with apoptosis activating factor-1 and procaspase-9, forming the
apoptosome. Subsequent autoactivation of caspase-9 initiates the caspase cascade by
activation of the downstream executioner caspases-3, -6, and -7 [139]. Release of pro-
apoptotic cytochrome c and AIF can also occur upon ROS-mediated mitochondrial per-
meability transition, leading to osmotic swelling and OMM rupture [140].

In addition to intrinsic apoptosis, ROS were found to be involved in extrinsic apopto-
sis mediated via transmembrane death receptors, comprising Fas, tumor necrosis fac-
tor (TNF)-related apoptosis-inducing ligand receptor 1/2, and TNF receptor 1 (TNFR1).
Indeed, the extrinsic pathway, which mediates caspase-8 activation and caspase-3 and -7
engagement, similarly to the intrinsic pathway, was found to be rather inefficient. There-
fore, a crosstalk between the extrinsic and intrinsic (“mitochondrial”) pathways exists,
which amplifies extrinsic death signals by additional ROS production [135].
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In OA, ROS-induced apoptosis is considered to be the predominant form of chon-
drocyte death, in particular, after joint injuries. There is strong evidence that posttrau-
matic ROS accumulation might primarily result from mitochondrial dysfunction [141].
Accordingly, mitochondrial stabilization by the mitoprotective drug SS-31 significantly
ameliorated chondrocyte apoptosis by attenuating strain-dependent mitochondrial ROS
(mtROS) production [142, 143]. Moreover, Nrf2/ARE-pathway induction and conse-
quent expression of antioxidant target genes, for example, HO-1 and SOD2, enhanced
the anti-apoptotic response in chondrocytes [144]. Similar anti-apoptotic effects in
chondrocytes were reported for the deacetylase SIRT1, which was ascribed to differ-
ent potential mechanisms: First, SIRT1 promotes p53 deacetylation, thus serving as a
negative regulator to apoptosis-associated Bcl-2 decline and Bax increase [145]. Second,
particular cell protective effects of SIRT1 were reported to result from autophagy or
mitophagy activation [146].

Ferroptosis

Ferroptosis is a relatively newly discovered form of regulated cell death, which was ini-
tially described as iron-dependent. To date, the exact underlying mechanisms of this
ROS-dependent mode of cell death have not been completely elucidated. In addition
to oxidation of labile iron, GPX4 inactivation and subsequent lipid peroxidation have
been identified as the main hallmarks of ferroptosis [147]. On a biochemical level, GSH
depletion and impaired GPX4 activity as well as Fe?"-driven ROS production (Fenton
reaction) result in oxidative stress and lipid peroxide accumulation, initiating cell death
[148]. Nanopore formation and consequent Ca*" influx eventually results in membrane
rupture and the release of pro-inflammatory cell components [149].

Whether iron is essential in lipid peroxide production and subsequent initiation of
ferroptosis remains to be clarified. However, there are a number of mainly GPX4-tar-
geted drugs and compounds, which are known to induce ferroptotic cell death, including
GPX4-degrading or -inhibiting substances as well as inhibitors of the cystine-glutamate
antiporter system, pronouncing the decisive role of the antioxidant system in ferroptosis
[150]. In comparison to other common forms of cell death, such as apoptosis or necrop-
tosis, ferroptotic cells have a unique mitochondrial phenotype, characterized by shrink-
age and increased membrane density of this organelle, as well as crista reduction or loss
and OMM rupture [147, 151]. Moreover, it is assumed that changes in the mitochondrial
metabolism and thus excessive mtROS production might promote ferroptosis [148].

Both hallmarks of ferroptosis, iron dyshomeostasis and enhanced lipid peroxida-
tion, are strongly associated with OA, as previously reviewed elsewhere [152]. In brief,

2*, FeT, and total iron concentrations, as well as the main reactive prod-

increased of Fe
ucts of lipid hydroperoxides, 4-HNE and MDA, have been reported in cartilage, synovial
tissue and synovial fluid of OA patients. At the same time, reduction in GPX and GSH
levels or the GSH/GSSG ratio was observed in plasma, cartilage tissue, and synovial
fluid, respectively.

The crucial role of ferroptotic cell death in OA progression was recently confirmed
in rodent PTOA models [153-155]. Interestingly, antioxidant treatment with natural
phenol theaflavin-3,3’-digallate protected human chondrocytes from erastin-induced

ferroptosis by promoting the Nrf2-pathway and thus increasing GPX4 and HO-1
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expression. Accordingly, theaflavin-3,3’-digallate treatment prevented injury-induced
chondrocyte ferroptosis and OA progression in vivo [155]. Similarly, anti-ferroptotic
and thus chondroprotective effects of the iron-chelating agent deferoxamine were found
to be mediated by enhanced Nrf2 signaling and subsequent increase of the antioxidant
defense system in chondrocytes [154].

Necroptosis

In the case of necroptosis, the initial steps are similar to those of extrinsic apoptosis. In
brief, TNFR1 activation by TNF results in TNFR1 complex I formation, which includes
the receptor-interacting serine/threonine-protein kinase 1 (RIPK1)—a key regulator of
diverse cellular processes ranging from inflammation and cell survival to apoptosis and
necroptosis. The mode of regulated cell death is determined by the presence (apoptosis)
or absence (necroptosis) of active caspase-8 [156].

Following TNFR1 complex I assembly, caspase-8 inhibition activates the necroptotic
pathway by the interaction of RIPK1 and RIPK3, which form the so-called necrosome
(complex IIB) [157]. Subsequently, the MLKL is recruited and phosphorylated, initiating
MLKL oligomerization. Integration of the pore-like oligomers into the cell membrane
results in sodium and calcium influx and potassium efflux, eventually leading to its dis-
ruption [158, 159]. Indeed, mtROS were observed to induce RIPK1 autophosphorylation
and consequent activation of the apoptotic and necroptotic pathways [160]. Moreover,
there is evidence that RIPK1, RIPK3, and/or MLKL are translocated to the mitochon-
drial membrane, initiating mtROS production and subsequent execution of necroptotic
cell death, as reviewed elsewhere [161]. It is assumed that the necrosome activates fur-
ther target proteins, such as the mitochondrial phosphatase PGAMS5, which interacts
with RIPK3, thus inducing mitochondrial fragmentation in a dynamin-related protein
1 manner [162]. Furthermore, RIPK3 was found to activate the rate-limiting enzyme
pyruvate dehydrogenase complex, which connects glycolysis to aerobic respiration. This
activation results in enhanced aerobic respiration and higher mtROS production [163].
Interestingly, MLKL was required for RIPK3-mediated phosphorylation of PGAMS5 and
pyruvate dehydrogenase complex, implying that RIPK3 translocation to the mitochon-
drial target proteins might depend on necrosome formation [162, 163].

In agreement with the aforementioned reports, addition of ROS-scavengers, for exam-
ple, butylated hydroxyanisole, or electron transfer chain inhibitors, such as amytal (amo-
barbital), were found to suppress TNF-induced necroptosis [160, 164, 165]. In addition,
adenoviral overexpression of mitochondrial SOD2 was observed to protect endothelial
cells from NO-mediated accumulation of superoxide in mitochondria and consequent
necroptosis [166]. The pro-necroptotic role of ROS was also confirmed in an ex vivo
human cartilage trauma model, in which antioxidative therapy using N-acetyl cysteine
efficiently protected chondrocytes from injury—and TNF/cycloheximide-induced apop-
tosis as well as necroptosis [124, 128]. Moreover, it could be demonstrated that addition
of the pan-caspase inhibitor zZVAD after cartilage trauma or during TNF/cyclohex-
imide stimulation resulted in a shift from apoptosis to necroptosis in chondrocytes.
This increase of necroptotic cells was associated with enhanced release of intracellular
DAMDPs as well as elevated NO and prostaglandin E2 production [124], which confirms
the pro-inflammatory consequences of necroptosis.
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Pyroptosis

The nucleotide-binding domain and leucine-rich repeat protein-3 (NLRP3) inflamma-
some, also referred to as NLR family pyrin domain containing 3, is a stress sensor and
key mediator of inflammation—associated with many inflammation-related diseases
[167]. In addition to NLRP3, the NLRP3 inflammasome consists of a caspase recruit-
ment domain (CARD)-containing adaptor protein termed apoptosis-associated speck-
like protein containing a CARD and pro-caspase-1. In the canonical pathway, NLRP3
activation induces autoproteolysis of pro-caspase-1 into the effector caspase-1. Active
caspase-1 further leads to the cleavage of pro-interleukin-1p (pro-IL-1p), pro-IL-18, and
GSDMD, initiating oligo-GSDMD pore formation and subsequent cytokine release and
pyroptosis [127, 168].

There is evidence that oxidative stress represents a major trigger of inflammasome
activation and consequent pyroptotic cell death [169]. In this context, elimination of dys-
functional mitochondria and thus reduction of excessive mtROS production was found
to have an attenuating effect on pyroptosis [170]. ROS-induced activation of the NLRP3
inflammasome is thought to be mediated by the thioredoxin interacting protein detach-
ing from thioredoxin under oxidative stress [171]. Furthermore, ROS-related pyropto-
sis might also be induced by activation of redox-sensitive pathways, including ERK and
p38 MAPK as well as NFkB [172]. By contrast, the Nrf2/HO-1 signaling pathway was
found to attenuate the expression of NLRP3 as well as of caspase-1 and IL-1 [} in various
cell types [173, 174]. In line with this, Nrf2/HO-1 pathway inhibition was hypothesized
to promote pyroptosis in OA [175], while enhanced Nrf2 signaling by the addition of
the antihistamine loratadine or the flavonoid licochalcone A was described to allevi-
ate NLRP3-related pyroptosis as well as consequent inflammation and OA progression
in human chondrocytes and in a murine injury-induced OA model, respectively [176].
Moreover, pioglitazone-mediated peroxisome proliferator-activated receptor y (PPAR-y)
activation alleviated lipopolysaccharide/ATP-induced pyroptosis and arthritis by pro-
moting both, the Nrf2- and PPAR-y coactivator-1 /Aym signaling pathways [177]. The
latter has been described to support mitochondrial function under oxidative stress and
increase mitochondrial biogenesis as well as mitophagy [178, 179]. Further evidence of
the decisive role of ROS in pyroptotic cell death was provided by Lui et al., who observed
that ubiquitin-specific protease 7 overexpression results in NOX4-dependent ROS pro-
duction and chondrocyte pyroptosis. Ubiquitin-specific protease inhibition, by contrast,
prevented NLPR3 inflammasome formation, IL-1p and IL-18 production, pyroptosis,
and monosodium iodoacetate-induced OA in mice [180].

Role of ROS in SIPS

Cellular senescence is described as an irreversible state, characterized by alterations in
the cell-cycle regulation leading to permanent cell cycle arrest. In general, cellular senes-
cence is not detrimental per se. It plays an important role in embryonic development,
wound healing, and tumor suppression [181]. However, chronic senescence has been
described as a pathophysiologic process in age-related and degenerative diseases [182].
In contrast to replicative senescence, which is associated with a limitation in cell division
through telomere shortening (Hayflick limit) [183, 184], stress of a physical or chemi-
cal nature and consequent DNA damage and/or oxidative stress, has been considered
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to be a major driver of so-called SIPS. Both, replicative senescence and SIPS share simi-
lar characteristics, including changes in cell morphology and enhanced senescence-
associated f-galactosidase (SA-B-Gal) activity [185]. About two decades ago, Price et al.
were the first who described that human chondrocytes located in close proximity to OA
lesions were stained positively for SA-B-Gal and had a shortened telomere length [186].
Furthermore, it was demonstrated that senescent chondrocytes accumulate in human
articular cartilage with increasing age or after injury, which was hypothesized to be
driven by oxidative stress as one of the main triggers [187, 188].

Another hallmark of senescence—and maybe the most detrimental one in regards
to tissue homeostasis—is the senescence-associated secretory phenotype (SASP).
Transient senescence and consequent SASP mediator release are thought to promote
tissue repair and regeneration, whereas an enduring senescence can lead to chronic
inflammation [189, 190]. Under physiologic conditions, SASP attracts immune cells
which eliminate damaged and senescent cells. This mechanism can be impaired during
aging because of immune system dysfunction [191]. Due to the inefficient removal of
damaged cells in cartilage tissue, recent studies suggested that senescent chondrocytes
substantially contribute to OA progression most likely due to excessive secretion of
SASP factors [120, 192]. ROS and mitochondrial dysfunction play an important role
in chondrocyte production of SASP components, which is mainly driven by the NF«B
signaling pathway [193, 194]. The SASP secretome of senescent chondrocytes con-
tains proinflammatory cytokines and chemokines (e.g., IL-6, IL-8, and CXCL1) as well
as proteases (e.g., MMPs and ADAMTS), creating a degenerative microenvironment
[120]. Moreover, SASP factors contribute to the spreading of senescence [195, 196],
therefore, leading to an accumulation of dysfunctional, senescent cells. Accordingly,
intraarticular injection of senescence cells resulted in enhanced pain, impaired mobil-
ity, and OA-associated radiographic and histological alterations of the joint in healthy
mice [192].

In regards to oxidative stress, increased ROS levels induce directly (via MKK3/6-
p38 pathway) or indirectly (via DNA-damage response and ATM/ATR pathway) the
transcription of p16 [also known as cyclin-dependent kinase inhibitor 2A (CDKN2A)],
p53 (encoded by TP53), and p21 (encoded by CDKNIA) [193, 197]. These proteins
are involved in cell cycle regulation and promote a non-proliferative phenotype upon
activation. The transcription factors pl6 and p21 are both cyclin-dependent kinase
inhibitors, which bind to CDK4/6 and CDK2, respectively, thus controlling retino-
blastoma protein activity and preventing entry into the S phase of the cell cycle [182].
Furthermore, the p53-p21 pathway appears to play a crucial role in cell fate decision
by inhibiting or inducing apoptosis in a damage-dependent manner. Human diploid
fibroblasts treated with low, sublethal H,O, doses, were found to undergo a senescent-
like growth arrest. Higher H,O, concentrations, in turn, induced apoptosis and led
to increased p53 levels compared to growth-arrested cells [198]. Induction of DNA
damage and apoptosis via caspase 3, caspase 8, and caspase 9 by high H,O, levels was
also observed in human bronchial epithelium cells [199]. In agreement with this, expo-
sition to low H,O, or doxorubicin doses represent frequently used models to study
SIPS in human chondrocytes, while high doses resulted in ROS-mediated apoptosis
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[200, 201]. In addition to ROS and p53 levels, another cell cycle regulator might play a
substantial role in cell fate decision. Yosef et al. showed that p21 knockdown leads to
a decreased cell survival of senescent cells, implying a shift from senescence towards
apoptosis in the absence of p21 [202]. Overall, it has been proposed that the p53-p21
pathway is essential in initiating senescence [203], whereas p16 is assumed to maintain
the senescent phenotype [204, 205]. Numerous studies showed that p21 decreases in
senescent cells with time, whereas the p16 level remains elevated [206, 207]. Addition-
ally, it was demonstrated that p53-induced senescence could be reversed by p53 inacti-
vation in cells with low p16 activity. However, when p16 was present at high levels, p53
inactivation was insufficient to restore cell replication [208]. Although p16 expression
was observed to correlate with several SASP factors in human chondrocytes, neither
SASP expression nor OA severity was attenuated by somatic p16 inactivation in chon-
drocytes of adult mice [209]. It was concluded that p16 is a biomarker for dysfunc-
tional cells, but the driver of OA is probably the extensive SASP mediators release by
senescent chondrocytes rather than impaired replication potential. This assumption is
supported by Coppé et al., who provided evidence that p16 is not required for SASP
production and suggested the secretory phenotype to be a damage response which
might occur independently of the cell cycle arrest [210]. Overall, it remains to be clari-
fied whether the loss of replicative function of mature and thus postmitotic chondro-
cytes is relevant in OA progression.

ROS-mediated damage of mtDNA and lipid peroxidation is known to result in mito-
chondrial dysfunction and thus excessive ROS production due to inefficient electron
transfer. In this way, mitochondrial dysfunction promotes senescence and vice versa
[211, 212]. One mechanism to restore the function of damaged mitochondria is the
fusion with a healthy one to replace damaged lipids. However, in senescent cells, the
mitochondrial dynamics are impaired, frequently leading to elongated, enlarged, and
hyperfused mitochondria [213, 214]. The large size of mitochondria in senescent cells
compromises the removal of dysfunctional mitochondria by means of mitophagy.
Moreover, it has been demonstrated that p53 is not only involved in senescence induc-
tion, but is also able to inhibit mitophagy-mediated mitochondrial degradation through
interaction with Parkin [215, 216]. Additionally, the expression of PINK1, which is
involved in mitophagy and mitochondrial fission, appears to be diminished in senescent
cells [211]. In a murine OA model, oral application of the mitophagy-inducing drug
Urolithin A was found to prevent cartilage degradation and reduce synovial inflam-
mation as well as the expression of the SASP factors p16 and p21 in senescent human
chondrocytes [217, 218]. Together, these studies suggest that impaired mitochondrial
dysfunction and disturbed mitophagy both represent a substantial therapeutic target
against chondrosenescence.

Furthermore, recent studies demonstrated that Sirtl and Sirt6 are downregulated
in senescent chondrocytes. While Sirtl suppresses the expression of SASP factors,
Sirt6 presumably promotes DNA repair [219]. Accordingly, increased Sirtl and Sirt6
expression attenuates OA progression by diminishing chondrocyte senescence [220—
222]. Together, these reports suggest that an upstream targeting by means of anti-
oxidants or mitophagy-inducing drugs might be promising to prevent ROS-induced
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premature chondrocyte senescence. However, most pharmacological strategies
against chondrosenescence focus on the stabilization of the chondrocyte phenotype
by means of senomorphics or selective elimination of dysfunctional cells by senolytics
[223]. The latter approach has currently gained considerable attention. Indeed, selec-
tive removal of senescent chondrocytes by senolytic-induced apoptosis attenuated
post-traumatic OA progression and enhanced cartilage regeneration in mice [188].
These data not only underline that senescence could be a promising target for pre-
venting or delaying OA, but also that the survival of damaged and thus dysfunctional
cells might be more detrimental than regulated cell death.

The involvement of ROS in cellular senescence and the main hallmarks of senescent
cells are outlined in Fig. 3.
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Fig. 3 ROS as a driver of senescence. Enhanced ROS levels result in cellular damage and consequent cell
cycle arrest mediated via p53, p21, and p16. Moreover, ROS damages mitochondrial DNA (mtDNA) and
causes lipid peroxidation initiating mitochondrial dysfunction and thus lead to enhanced ROS generation.
Other senescence features are the expression of senescence-associated (3-galactosidase (SA-3-Gal),
downregulation of Sirt1 and Sirt6, upregulation of p21 and p16, presence of enlarged mitochondria,
inhibition of mitophagy, and secretion of senescence-associated secretory phenotype (SASP) factors mainly
driven by the NFkB
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ROS-mediated cell fate decision in bone remodeling and fracture healing
under physiologic conditions

During early life, the balance between bone formation by osteoblasts and bone resorp-
tion by osteoclasts is strictly regulated. Bone remodeling is locally mediated by growth
factors, such as members of the transforming growth factor  superfamily, and cytokines,
such as IL1, IL6, and TNE, as well as systemically by hormones and vitamins, includ-
ing parathyroid hormone, estrogen, and vitamin D. Osteoclast precursors differentiate
in response to the monocyte/macrophage colony-stimulating factor and RANKL, which
are expressed by, for example, osteoblasts and stromal cells. Osteoprotegerin (OPG),
similar to RANK, the receptor of RANKL, is a receptor of the TNF family and acts as a
decoy receptor for RANKL, thereby inhibiting osteoclast differentiation and activity. The
balance of RANKL/OPG is regulated by various osteotropic factors, including estrogen,
parathyroid hormone, IL1, IL17, and TNE.

In addition to the above-mentioned mediators, ROS play a critical role in the regula-
tion of physiologic bone remodeling and fracture repair, having striking effects on both
osteoblast and osteoclast lineage activities, including replication of undifferentiated cells,
cell recruitment, and function of differentiated cells [90, 224—227]. Under healthy condi-
tions, ROS generated by osteoclasts activate and keep bone resorption in balance with
osteoblast bone formation. Exogenous ROS, mainly H,O, and superoxide, result in oste-
oclastogenesis and osteoclast activity by initiating RANK signaling in macrophages and,
in turn, endogenous ROS generation in osteoclasts is stimulated by RANKL to enable
bone resorption. Endogenous ROS production activates TNF receptor associated fac-
tor 6, NOX1, and the transcription factors NFkB and nuclear factor of activated T-cells
[226]. This cell type increases the expression of Tartrate-resistant acid phosphatase 5b, a
multifunctional enzyme, which promotes ROS generation and is significantly elevated in
OP patients [228].

Bone fracture healing is a complex and dynamic process that involves the coordinated
activity of various cell types and molecular mechanisms, resulting in an uneventful
repair of the injured bone under physiologic conditions. The regeneration starts with
an inflammatory phase, characterized by a high abundance of cells of the innate and
adaptive immune systems, which remove cell debris and secrete various pro- and anti-
inflammatory cytokines and mediators [229]. These factors recruit mesenchymal and
vascular progenitor cells to the injury site, initiating the repair phase. This phase, which
lasts for several weeks following the fracture, is characterized by the formation of a soft
callus, which consists of fibrous tissue, cartilage, and woven bone. Mesenchymal stem
cells (MSCs) differentiate into chondrocytes, which produce cartilage, or osteoblasts,
which produce bone [230]. Additionally, blood vessels grow into the callus, providing
oxygen and nutrients to support tissue growth. During endochondral ossification in the
fracture callus, chondrocytes can directly undergo transdifferentiation to osteoblasts,
thereby contributing to the overall bone formation. During the remodeling phase, which
can last for several months or even years following the fracture, the callus is gradually
replaced by mature bone tissue. Osteoblasts and osteoclasts collaborate to resorb the
newly formed bone tissue and replace it with more structurally sound bone, respectively.
Many factors that can affect the rate and quality of fracture healing include age, nutri-
tion, and the presence of comorbidities such as diabetes or OP [231].



Riegger et al. Cellular & Molecular Biology Letters (2023) 28:76 Page 19 of 41

Oxidative stress plays a crucial, but multifaceted role during bone regeneration
[232]. During the early stages of fracture healing, oxidative stress is involved in the
inflammatory response. ROS are mainly generated by immunomodulatory cells [233]
and are thought to contribute to the recruitment of further immune cells to the
fracture site and to the induction of neovascularization [234]. It is known that low
ROS levels stimulate angiogenesis and, therefore, blood flow in a vascular endothe-
lial growth factor-dependent manner [234], which indicates an important role of
endogenous ROS production in the early phase of fracture healing. During chondro-
cyte transdifferentiation to osteoblasts in the fracture callus, ROS are also impor-
tant because they stimulate hypertrophy in chondrocytes and induce mineralization
via the ERK and p38 MAPK pathways [122]. Therefore, ROS are crucial for cell fate
decision during endochondral ossification. Additionally, ROS can activate signaling
pathways that promote the proliferation and differentiation of bone-forming cells
[235]. Oxidative stress is critically involved in mitochondrial fragmentation, which
is associated with osteoblast differentiation via the ERK1/2 pathway. By contrast,
excessive ROS production during this stage can also contribute to tissue damage and
thus impair fracture healing. In particular, during the later stages of fracture healing,
oxidative stress can have detrimental effects. Excessive ROS production is known to
disturb bone-forming cell function, influence cell fate decision in mesenchymal stem
cells (MSCs) towards the adipogenic lineage, and impair the production of extracellu-
lar matrix proteins [236], as described in more detail below. Moreover, excessive ROS
production increases osteoclast differentiation from macrophages by RANK signal-
ing as described above, supporting enhanced bone resorption during fracture callus
development [237]. Additionally, excessive oxidative stress can also impair angiogen-
esis, which is critical for the delivery of nutrients and oxygen to the fracture site [232,
238]. This can lead to delayed healing and an increased risk of non-union.

One aspect of the fracture healing process that has received increasing attention in
recent years is the role of cellular senescence. As described above, oxidative stress signal-
ing is critically involved in stress-induced premature cell senescence. In the context of
fracture healing, senescence per se has been shown to play a role in both the early and
late stages of this process [239, 240]. During the inflammatory phase of fracture healing,
senescent cells are thought to contribute to the clearance of damaged tissue by cytokine
secretion and promote the differentiation of mesenchymal stem cells into osteoblasts
[241]. However, senescence can also have adverse effects on fracture healing, particu-
larly when senescent cells accumulate in the later fracture callus [240, 242]. Saul et al.
demonstrated that the highest accumulation of senescence marker during fracture heal-
ing occurs in the mesenchymal cell population. These cells produce extracellular matrix
proteins that are less functional than those produced by non-senescent cells, which
may reduce the quality of the new bone tissue. Furthermore, senescence can impair
the ability of cells to respond to mechanical stimuli by inducing changes in the cell’s
cytoskeleton [243]. Because mechanotransduction is critical for efficient fracture heal-
ing, ROS-induced senescence might hamper the regeneration process. The expression
of SASP proteins like IL-6 or TNF by senescent cells might also impair fracture healing.
Indeed, treating mice with senolytics during fracture healing reduced the expression of
SASP markers and significantly accelerated bone regeneration [240, 244].
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ROS-mediated cell fate decision in OP

OP is globally the most common metabolic- and inflammation-associated bone disorder
[245, 246]. It is characterized by reduced bone mass and a degenerated bone microarchi-
tecture. Compromised bone strength predisposes OP patients to a higher susceptibility
to fracture. The bones become weak and brittle, thus, patients suffer from fragility frac-
tures, which may arise even from a low-impact fall. Such OP fragility fractures predomi-
nantly occur at the spine and the hip, however, other anatomical structures, including
the proximal humerus and the distal forearm, can also be affected [247]. The average life-
time risk (%) of a 50-year-old woman to suffer a major OP fracture has been calculated
at approximately 50% and in men at 22% [248, 249]. There are two types of OP, which are
generally distinguished: Primary OP that can generally affect individuals of both sexes
and all ages, but frequently appears after menopause in women through estrogen decline
(type I OP) or is associated with age in women and men (type II OP, also termed as
senile OP). Secondary OP results from prolonged therapeutic drug treatments, medical
disorders, or a decrease in physical activity [245, 246].

Overall, oxidative stress is known to play a substantial role in the pathogenesis of OP.
In the case of OP type I, for example, estrogen deficiency was demonstrated to inhibit
mitochondrial B-oxidation of fatty acids, thus elevating ROS generation in mitochondria
and peroxisomes [250]. In general, ROS accumulation has been associated with osteo-
blast and osteocyte apoptosis, as well as an impairment of both, mineralization and oste-
ogenesis in bone [90, 251, 252]. Moreover, redox imbalance mediated by excessive ROS
production causes elevated osteoclast differentiation from macrophages, supporting
enhanced bone loss and thus OP development [237]. In the following paragraphs we will
focus on two major pathophysiologic aspects in OP bone; (i) ROS-mediated disturbance
of immune and bone cell fate regulation, and (ii) mitochondrial dysfunction resulting

from compromised mitophagy.

Role of ROS in immune cell regulation

The term “immunoporosis” emphasizes the significant role of both, innate immune cells
and cells of the adaptive immune system in the pathogenesis of OP [253]. Cells from
the innate immune system share the developmental niche with bone cells, indicat-
ing the close relationship between the immune system and the skeletal tissue. Myeloid
lineage cells, such as macrophages, monocytes, dendritic cells, neutrophils, and mast
cells as well as cells of the lymphoid lineage, such as natural killer and innate lymphoid-
like cells, are involved in OP development by secreting various pro-inflammatory fac-
tors [253-255]. In addition to cytokines, including IL-6, IL-1B, TNF-a, and interferon
(IFN) v, immune cells produce high levels of ROS, thus activating osteoclastogenic bone
resorption. Overall, immune cell-derived ROS and pro-inflammatory cytokines interact
directly or indirectly with bone cells and contribute to an inflammatory state, driving the
pathogenesis of OP.

Macrophages are the predominant cells in mediating the inflammatory response
upon traumatic injuries and aging [226, 256]. The bone microenvironment can influ-
ence the metabolic state and the interaction of osteoclasts with macrophages. Depend-
ing on the local conditions, bone marrow macrophages can be polarized into M1
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(pro-inflammatory) or M2 (anti-inflammatory) macrophages. Inflammatory stimuli,
including ROS generated from damaged or necrotic tissue, cause a shift in macrophage
polarization from the M2 to the M1 phenotype, the latter being associated with an
elevation in cytokines and thus further immune cell recruitment. Moreover, M1 mac-
rophages themselves generate high levels of ROS that reinforce osteoclastogenesis and
bone resorption [226]. Besides macrophages, mast cells can be found in various connec-
tive tissues, including bone tissue. Under inflammatory conditions, mast cells become
activated by ROS and are able to promote osteoclastogenesis by producing pro-inflam-
matory mediators, such as histamine, enzymes, and various cytokines released from
their secretory lysosomes, also called granules [257, 258]. As mentioned above, age-
related inflammation and oxidative stress promote cellular senescence. The SASP of
senescent cells augments both, myelopoiesis and immune cell recruitment, including
myeloid-derived suppressor cells, regulatory monocytes, and macrophages (regulatory
macrophages/inactivated M2c macrophages) into the aging tissue. This inflammatory
condition mediated by senescent cells leads to a compensatory immunosuppression,
which restrains the low-grade inflammation in the aged tissue [259, 260]. Accordingly,
immunosuppression hampers the elimination of senescent cells, which results in a nega-
tive feedback-loop on immunosuppressive cells, enhancing their release of inflamma-
tory cytokines and ROS, thereby modulating other immune cells, inhibiting the immune
response, and impairing tissue homeostasis [259, 260].

Accompanying the low-grade inflammation in aging tissues, including bone, the
function of the immune system decreases continuously—a ROS-driven process that
is termed immunosenescence. One hallmark of immunosenescence in aging is the
decrease of cells of the adaptive immune system. Lymphocytes are the representatives
of the adaptive immune system, consisting predominantly of T and B lymphocytes. A
decline in naive CD4" and CD8" T-cells, and simultaneous induction of regulatory T
cells by myeloid-derived suppressor cells has been demonstrated in immunosenescence
[260, 261]. Considering the high expression of Nrf2 and thus ARE-regulated antioxidant
enzymes in myeloid-derived suppressor cells, it is unsurprising that this cell type exhibit
an enhanced resistance to ROS. Oxidative stress is thought to promote T cell activation
and their differentiation in so-called Th17 cells. These inflammatory T cells stimulate
osteoclastogenesis in a direct or an indirect manner and also inhibit osteoblastogenesis
by producing cytokines, such as IL-6, IL-17, and TNFa [262]. Recent studies suggested
that B cells are involved in the regulation of the RANKL/OPG axis, and RANKL genera-
tion by B cells promotes the bone mass loss caused by estrogen deficiency [263].

In postmenopausal OP (OP type I), estrogen deficiency is strongly associated with
immunosenescence that results in oxidative stress and bone loss in women [255, 262].
Notably, it has been demonstrated that the decline in estrogen levels and consequent
immunosenescence is characterized by reduced IFNy, decreased T lymphocyte pro-
duction and proliferation, and a reduction of antioxidant enzymes, including SODs
and CAT activities in peripheral blood mononuclear cells [264]. Regulatory B cells,
a subset of B cells, are, under physiologic conditions, able to suppress the action of
cytokines and osteoclast stimulators, such as IL-1 and TNFa, as well as T cells, like
Th17 cells that are involved in inflammatory bone loss. Indeed, the impairment of
regulatory B cells together with the inability to release IL-10 might be a contributory
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factor towards the establishment of pro-inflammatory conditions leading to bone loss
in postmenopausal OP [265]. Taken together, immunosenescence is not only a result
of oxidative stress, but also a potential cause of excessive ROS generation in OP bone.

Role of ROS in bone cell fate regulation

Bone marrow-derived MSCs that give rise to the osteoblast lineage, together with
osteocytes, are long-lived cells in the skeletal tissue, and, therefore, more predis-
posed to molecular changes during aging [300]. Accordingly, impaired MSC activity
and function, including compromised osteogenic differentiation and commitment,
appear to be responsible for the reduced number of osteoblasts in aging bone. There-
fore, enhanced ROS levels caused by estrogen deficiency can influence the cell fate of
both osteoprogenitor cells and mature osteoblasts by altering their biosynthetic activ-
ity and inducing senescence or apoptosis in OP [251]. Moreover, studies have shown
that ROS promote the commitment of mesenchymal progenitor cells to the adipocyte
lineage at the expense of osteogenic differentiation. Indeed, ROS-mediated lipid oxi-
dation causes PPARY interaction with B-catenin, inducing degradation of the latter,
and thereby impairing Wnt/p-catenin signaling-related bone formation. In addition,
the decrease in wnt/p-catenin signaling is suggested to be responsible for the increase
of bone marrow adipose tissue and bone loss in skeletal aging [266].

Osteocytes are terminally differentiated osteoblasts and are embedded in lacu-
nae of the mineralized bone matrix. They are the most abundant cells (90-95% of all
bone cells) within bone tissue. Osteocytes are connected by long cell projections with
osteoblasts and osteoclasts on the mineralized surfaces of bone and sense the signals,
including hormones and mechanical stimuli, to initiate bone remodeling. Increased
ROS due to estrogen deficiency cause osteocyte apoptosis, which contributes to oste-
oclastogenesis [267, 268]. Indeed, these apoptotic osteocytes are able to trigger bone
resorption through osteoclastogenic RANKL and additionally inhibit Wnt/B-catenin
signaling-induced bone formation by release of Dickkopf-related protein 1 and scle-
rostin release. Furthermore, osteocytes have also been demonstrated to regulate cel-
lular senescence in bone and bone marrow cells in mice [269]. Therefore, oxidative
stress and consequent osteocyte ablation is involved in altered mesenchymal lineage
commitment, causing impairment of osteogenesis and induction of osteoclastogen-
esis. Moreover, osteocyte deficiency in mice results in mobilization of hematopoietic
lineage cells and differentiation towards the myeloid lineage, with increased common
myeloid precursor cells, neutrophils, and monocytes, all of which can participate
in ROS generation in the aging bone. Besides excessive ROS production by diverse
immune cells as well as old and damaged bone cells, it has been shown for both, oste-
ocytes and osteoblasts that a deletion of mitochondrial antioxidative SOD2 activity
leads to age-related OP, for example, via dysregulated RANKL expression [9, 270].
Additionally, the decline in estrogen, which is a well-known antioxidant, reducing, for
example, peroxide production by mitochondria, can lead to a diminished antioxidant
status and consequently cause decreased autophagy and increased apoptosis in osteo-
cytes [227].

The influence of ROS in cell fate regulation is schematically outlined in Fig. 4.
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Fig. 4 Role of ROS in bone cell fate regulation. ROS (reactive oxygen species) generation due to

aging and estrogen deficiency is accompanied by increased cellular senescence characterized by the
senescence-associated secretory phenotype (SASP) in the bone tissue. The SASP facilitates the accumulation
of adipocytes in the bone marrow at the expense of osteoblast formation by inducing peroxisome
proliferator activated receptor gamma (Ppary) in mesenchymal progenitor cells (MSCs). Additionally, the SASP
promotes myeloid progenitor development from the hematopoietic stem cell (HSC) lineage. Consequently,
an elevated monocyte level is associated with an increase of osteoclast formation. Apoptotic osteocytes

are involved in increased bone resorption by producing an unbalanced RANKL level. Moreover, apoptotic
osteocytes induce sclerostin and Dickkopf-related protein (Dkk) 1 production, which inhibits Wnt/b-catenin
mediated osteogenesis

Role of mitochondrial dysfunction and mitophagy in OP

Unbalanced ROS generation due to mitochondrial dysfunction has been demonstrated
to be associated with OP [308]. Because mitochondria are the main source of aerobic
energy production in the cell, they are involved in essential cell processes, including cell
metabolism and differentiation [271]. However, inflammatory and metabolic diseases,
such as OP, are associated with aberrant mitochondrial function and thus enhanced
ROS production [272]. Several studies have demonstrated the consequences of oxidative
stress on mitochondrial function, including impaired ATP synthesis, decreased mito-
chondrial membrane potential, and altered calcium homeostasis [273].

Mitochondrial dynamics accompany MSC fate commitment. Under physiologic con-
ditions, mitochondria display a fragmented phenotype generated by mitochondrial
shaping proteins, for example, fission and fusion proteins, and only a few deep invagi-
nations in the cristae are localized around the nucleus of MSCs. By contrast, in mature
osteoblasts and adipocytes, mitochondria form an interconnected, elongated network
and exhibit higher cristae density. During MSC differentiation, mitochondrial biogen-
esis is activated and mitochondria are reorganized resulting in its distribution through-
out the cytoplasm. Moreover, osteoblastogenesis and adipogenesis are associated with
an increase in mitochondrial membrane potential, respiratory enzyme complexes, and
oxygen consumption. Consequently, intracellular ATP generation in differentiating cells
is primarily based upon oxidative phosphorylation and not on glycolysis, resulting in
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greater ATP but also ROS generation [274]. It has been demonstrated that MSCs are
able to use mitochondrial transfer to rescue aerobic respiration and thereby modulate
their cell metabolism. In response to ROS and DAMPs, including damaged mitochon-
dria and mitochondrial products, such as mtDNA, MSCs use various transfer mecha-
nisms to transfer intact mitochondria to injured cells [275]. Moreover, it was observed
that macrophages are able to promote MSC osteogenic differentiation by mitochondrial
transfer, implying that MSCs act as donor as well as recipient cells. However, under OP
conditions, pro-inflammatory M1 macrophages transfer oxidatively damaged mitochon-
dria to MSCs [276]. These damaged mitochondria affect intermediates of the tricarbox-
ylic acid (TCA) cycle, including succinate, in the recipient MSCs. In agreement with this,
succinate levels have been shown to be elevated in metabolic and inflammation-related
diseases. This abnormal succinate accumulation in MSCs may be caused by decreased
activity of oxidases, such as succinate dehydrogenase. Moreover, metabolic intermedi-
ates of the TCA cycle, such as succinate, have been demonstrated to be key regulators
of various biological processes and able to stimulate osteoclastogenesis and inflamma-
tory gene expression [276, 277]. For example, extracellular succinate is able to stimulate
osteoclastogenesis by binding to its receptor on osteoclastogenic lineage cells. Addition-
ally, age-related increased ROS result in osteoblast dysfunction by affecting MSC mito-
chondrial dynamics. Therefore, it has been shown that ROS overgeneration, for example,
is able to promote mitochondrial fission and fragmentation and is associated with the
dysregulation of mitochondrial dynamics proteins, including mitochondrial dynamin-
related protein 1 and mitofusin 2 [278]. Consequently, oxidative stress can negatively
affect mitochondrial function, leading to an impaired energy supply and resulting in
osteoblast dysfunction.

Senile OP (type II OP) is commonly associated with senescence and decreased
autophagic activity [279]. Autophagy is a highly conserved cellular process, whose main
function is the lysosomal degradation and recycling of damaged intracellular compo-
nents, such as organelles and proteins [280]. It greatly participates in cell metabolism
under physiologic and pathologic conditions, thus contributing to bone cell homeo-
stasis. Various studies demonstrated that autophagy is also involved in the regulation
of osteoblast mineralization and osteoclast differentiation. Conditional knockdown of
autophagy-related genes, such as autophagy-related gene (ATG) 7 and ATG5 in osteo-
blasts, causes impaired bone mineralization and increased osteoclastogenesis, respec-
tively, leading to bone mass loss [280]. Besides “bulk” or “non-selective” autophagy,
which indiscriminately secludes and degrades intracellular products, “selective”
autophagy degrades specific targets and organelles, such as RNA, protein aggregates,
or mitochondria [281]. Mitophagy, therefore, is a process by which damaged or dys-
functional mitochondria are selectively removed through autophagy, which represents
a decisive mechanism in maintaining mitochondrial quality and cellular homeostasis.
Malfunctioning of the respiratory chain complex proteins results in energy deficiency
and ROS accumulation. Moreover, the release of mtDNA and other DAMPs from dam-
aged mitochondria is thought to trigger inflammation and ROS generation, contributing
to the pathogenesis of OP [280, 281]. Studies have shown that ROS-induced mitochon-
drial damage activates mitophagy in osteoblasts in order to remove damaged mitochon-
dria and maintain mitochondrial function and cellular homeostasis. In this way, the cell
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can prevent excessive ROS production by dysfunctional mitochondria. However, ROS-
generated AOPPs can cause more severe damage, thus inducing mitochondrial ROS in
osteoblastic cells, exacerbating oxidative stress, and promoting apoptosis [282].

Several signaling pathways involved in the regulation of mitophagy have been iden-
tified, with the Pink1/Parkin pathway being the best studied regulatory pathway [282].
Pinkl is a serine/threonine kinase possessing an N-terminal mitochondrial target
sequence for localization at the mitochondrial surface, specifically at the OMM. Under
physiologic conditions, Pinkl expression is increased during osteoblast differentiation
to maintain mitochondrial homeostasis. Mitochondrial damage, initiated by increased
ROS in aging bone or due to estrogen deficiency, enhances the presence of Pink on the
mitochondrial surface in MSCs (Fig. 5). Therefore, the activity of Pink serves as a sensor
of mitochondrial damage. The accumulated Pinkl subsequently recruits and activates
the ubiquitin E3 ligase, Parkin, to amplify mitophagy signaling. Parkin ubiquitinates
OMM proteins, such as voltage-dependent anion channel 1. These ubiquitinated OMM
proteins bind to mitophagosomes either by direct binding to microtubule-associated
protein 1A/1B-light chain 3 (LC3) II embedded in the membrane of autophagosomes,
or indirectly through p62/Sqstm1. The latter contains an LC3-interacting domain, which
enables binding to LC3. Binding of the ubiquitinated OMM proteins to the autophagy
receptors p62/Sqstm1 and LC3 is necessary to initiate mitophagy (Fig. 5). In aging bone,
as mentioned above, MSCs lose their differentiation potential towards the osteoblast lin-
eage and, instead, differentiate into adipocytes, resulting in bone loss and fat accumula-
tion in the bone marrow. Using an optineurin knockout mouse model,, the mitophagy
receptor optineurin was previously shown to play a critical role in the cell fate decision
of MSCs and the bone-fat balance by regulating fatty acid binding protein 3 degradation
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Fig. 5 Role of ROS in regulating mitophagy in OP. Age and estrogen deficiency cause enhanced reactive
oxygen species (ROS) generation in MSCs. ROS lead to mitochondrial dysfunction accompanied by a reduced
mitochondrial membrane potential (AWYm). Subsequent PINK1 accumulation at the outer surface of the
mitochondrial membrane initiates mitophagy by recruitment of Parkin that promotes ubiquitination (green
dots) of OMM proteins (OMMP). Ubiquitinated proteins bind directly or indirectly to autophagy receptor LC3
via p62 on mitophagosomes. Aberrant mitophagy may result in increased apoptosis, promoting marrow
adipogenesis as well as suppressing osteogenesis, all consequently contributing to OP development
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mediated by selective autophagy [283]. Furthermore, UNC51-like autophagy activating
kinase 1 (ULK1), another adaptor protein associated with mitophagy, can interact indi-
rectly with LC3 to induce mitophagy. Ulkl gene knockout demonstrated the significant
relevance of unimpaired mitophagy in maintaining bone homeostasis in a bone metas-
tasis mouse model, because Ulkl deletion caused an increased expression of osteoclast
function-related genes, including carbonic anhydrase 2 and cathepsin k, and led to bone
loss [284].

Sirt3-mediated mitophagy in MSCs has a protective effect against OP development.
Therefore, it has been demonstrated that, for example, increased mitochondrial Sirt3
expression ameliorated MSC senescence caused by advanced glycation end products by
promoting mitophagy in senile OP [32]. Mitophagy in osteoclasts also plays a crucial
role in maintaining bone homeostasis. Therefore, ROS released from damaged mito-
chondria and blockade of mitophagy in macrophages has been shown to cause NLRP3
inflammasome activation, which generates inflammatory factors that stimulate osteo-
clastogenesis [285].

It is clear that manipulation of proteins that regulate and restore mitophagy may rep-
resent a therapeutic approach to prevent or ameliorate OP. For example, Pinkl/Par-
kin-mediated mitophagy activated by rapamycin can significantly decrease osteoblast
apoptosis by eliminating damaged mitochondria in a model of oxidative stress-induced
osteoblastic cell dysfunction [286]. Besides rapamycin, metformin has been shown to
diminish ROS generation in MSCs and to enhance osteogenesis and bone formation in
mice by promoting autophagy [287]. Moreover, mitophagy upregulation is able to dimin-
ish the plasma AOPP concentration in mice, thus inhibiting osteoblast apoptosis and
bone loss induced by the accumulation of these harmful oxidative stress products [282].

Oxidative stress and mitochondrial dysfunction as therapeutic targets in OA
and OP

As described in the sections above, oxidative stress and mitochondrial dysfunction
can adversely affect cellular behavior and fate, thus contributing to OA and OP patho-
geneses. Therefore, both, cellular antioxidant defense mechanisms and mitochondria
represent promising and longstanding therapeutic targets to circumvent harmful con-
sequences of ROS on cartilage and bone tissue. In addition to a myriad of natural anti-
oxidants, including alkaloids, flavonoids, phenols, and terpenoids, which have been
extensively discussed in previous reviews [227, 288], new small molecules and peptides
possessing direct or indirect antioxidative features are of considerable interest. SS-31
(elamipretide), for example, is a unique small peptide, which stabilizes the inner mito-
chondrial membrane by specific binding to the phospholipid cardiolipin. In this way,
SS-31 prevents ROS-mediated cardiolipin peroxidation, maintains mitochondria cristae
structure, and supports efficient ATP production, while preventing apoptosis by promo-
tion of the cytochrome c-cardiolipin interaction [142, 143]. MDL-800 and SRT1720, by
contrast, are selective sirtuin activators for SIRT6 and SIRT1, respectively. Binding of
MDL-800 or SRT1720 to the allosteric site of these deacetylases results in an increased
affinity to their substrates, thus enhancing their enzyme activity [146, 221]. Interestingly,
resveratrol was also demonstrated to act as a sirtuin activator by inducing the AMPK
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pathway and subsequently elevating intracellular levels of the enzyme’s cofactor NAD™

[289].

There are various therapeutic strategies and antioxidant agents to pharmacologically

address oxidative stress and mitochondrial dysfunction in OA and OP. Table 1 summa-

rizes therapeutic agents of different classes, which have mostly been described in the

sections above, and provides a short overview of the respective therapeutic targets and

effects.

Table 1 Overview of different therapeutic agents, the individual therapeutic targets, and effects

Therapeutic agents

Class

Therapeutic target

Therapeutic effects

References

SS-31 (elamipretide,
MTP-131)

Omaveloxolone

Theaflavin-3,3"-digallate

Deferoxamine

Licochalcone A

Pioglitazone

Small peptide, mitopro-
tectin

Nrf2 activator

Natural phenol (black
tea), antioxidant

Iron chelator

Natural phenol (Glycyr-
rhiza roots),
antioxidant

Antidiabetic drug (thia-
zolidinedione)

Mitochondria, cardiolipin

Nrf2/ARE-pathway

Nrf2/ARE-pathway

Nrf2/ARE-pathway,
HIF-Ta

Nrf2/ARE-pathway;
NFkB pathway

Nrf2/ARE-pathway, mito-
chondria (via PGC1-a/
Apm pathway)

Stabilization of MIM via
binding to cardiolipin;
cell protection (prevents
cytochrome c release);
maintenance of
mitochondrial function
(mitoprotection)

Upregulation of anti-
oxidant target genes,
eg., HO-1and SOD2;
cell protection (anti-
apoptotic response);
maintenance of tissue
homeostasis

Upregulation of antioxi-
dant targets, e.g., GPX4
and HO-1; prevention of
ferroptosis (upregulation
of FTH-1, SLC7A11, and
GPX4);

maintenance of tissue
homeostasis

Upregulation of antioxi-
dant targets, e.g., HO-1,
and NQO-1;

prevention of fer-
roptosis (reduction of
ACSL4, LOX15, P53, and
LPCAT3);

stabilization of HIF-1a,
increase of osteogenic
differentiation/ improve-
ment of fracture healing

Inhibition of NFkB
pathway; preven-

tion of LPS-induced
pyroptosis (reduction
of NLRP3, GSDMD,
caspase-1,IL-1(3, and
IL-18); upregulation of
antioxidant targets, e.g.,
Nrf2 and HO-1,

Activation of Nrf2- and
PGC1-a/Apm pathway,
Prevention of LPS/
ATP-induced pyroptosis
(downregulation of
NLRP3, caspase-1, IL-16,
IL-18, and GSDMD-N);
increase of mitochon-
drial function and
biogenesis (lower ROS
production)

[142,143]

[144, 290]

[155]

[154,291]

[176]

[177]
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Therapeutic agents

Class

Therapeutic target

Therapeutic effects

References

SRT1720

NAC

Simvastatin

Resveratrol

Urolithin A

MDL-800

Metformin

Rapamycin (Sirolimus)

SIRT1 activator

Antioxidant

Statin, Senomorphic

Natural phenolic com-
pound, Senomorphic

Natural postbiotic
compound

Allosteric activator of
SIRT6

Antidiabetic drug
(biguanide), AMPK
agonist

Makrolide (macrocyclic
lacton)

SIRT1

ROS (as direct scavenger
and precursor of glu-
tathione)

HMG-CoA

SIRT1

Mitochondria
(mitophagy) via mTOR/
AMPK pathway

Mitochondria
(mitophagy)
Nrf2-pathway

SIRT6

Mitochondria/
mitophagy (via mTOR/
AMPK pathway)

Mitochondria/
mitophagy (via mTOR/
AMPK pathway)

Activation of autophagy;
maintenance of tissue
homeostasis

Cell protection (prevents
apoptosis and necrop-
tosis); downregulation
of redox-sensitive signal-
ing; maintenance of
tissue homeostasis

Antioxidative properties
(upregulation of SOD2,
suppression of NOX2,
NOX4);

increase of osteogenesis;
maintenance of tissue
homeostasis

Induction of antioxidant
defense by HO-1 and
Nrf2; reduction of iNOS
and NO, induction of
autophagy, suppres-
sion of NFkB signaling
pathways; maintenance
of tissue homeostasis

Improvement of
mitochondrial function
(enhances mitophagy);
induction of Nrf2 and
thus antioxidative pro-
teins; maintenance of
tissue homeostasis

Attenuation of ROS
activity and downregu-
lation of senescence
markers; maintenance of
tissue homeostasis

Reduction of ROS pro-
duction and senescence;
Increase of osteogen-
esis and autophagy;
maintenance of tissue
homeostasis

Increase of PINK1/
Parkin-dependent
mitophagy; inhibition of
apoptosis; maintenance
of tissue homeostasis

[146, 292]

[142, 146]

[293, 294]

[220, 289]

[221]

[23,295]

[282]

ACSL4 acyl-CoA synthetase long-chain family member 4, AMPK AMP-activated protein kinase, FH-1 ferritin heavy

chain 1, HMG-CoA hydroxymethylglutaryl-coenzyme A, iNOS inducible NO synthase, LOX15 15-lipoxygenase, LPCAT3
lysophosphatidylcholine acyltransferase 3, MIM mitochondrial inner membrane, NQO-17 NAD(P)H dehydrogenase (quinone
1), PGC-1 PPAR-y coactivator-1, SLC7A11 light chain subunit of the cystine/glutamate anticarrier

Conclusions

Mitochondrial dysfunction and oxidative stress do indeed play a decisive role in cell fate

decision. Whether ROS has beneficial or harmful consequences depends on several fac-

tors. Under physiologic conditions, ROS are essential regulators of developmental and

regenerative processes, such as stem cell differentiation, and constitute an inherent com-

ponent of cellular communication. However, excessive ROS accumulation contributes to

a pathophysiologic environment and can have an impairing effect on tissue repair and
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homeostasis. The same applies for ROS-induced cell death and senescence, which firstly
may appear to represent detrimental processes, but can also contribute to tissue regen-
eration and health.

Overall, the consequences of oxidative stress strongly depend on the cellular antioxi-
dant defense status, which is closely associated with age and life style. While a healthy
cell can readily cope with enhanced ROS levels, a cell exposed to several stress factors,
comprising pro-inflammatory mediators and DAMPs, might be unable to circumvent
irreversible macromolecular damage. This also applies in tissues in which transiently
occurring senescent cells are normally eliminated by phagocytotic immune cells, while a
defective clearance due to aging or general alterations in immune cell response results in
chronic senescence and subsequent degeneration.

Taken together, mitochondrial dysfunction and oxidative stress represent a major tar-
get in age-related and degenerative diseases as we here illustrated with the example of
OA and OP. By increasing the cellular antioxidative defense system or reducing mito-
chondrial ROS production, harmful consequences of excessive ROS levels can be pre-
vented, allowing the maintenance of physiologic processes and regeneration to proceed.

Abbreviations

4-HNE 4-Hydroxynonenal

8-OHdG  8-Hydroxy 2’-deoxyguanosine

ADAMTS A desintegrin metalloproteinases with thrombospontin motive

AlF Apoptosis inducing factor

AMP Adenosine monophosphate

AMPK AMP-activated protein kinase

AOPPs Advanced oxidation protein products
AP-1 Activation protein 1

ARE Antioxidant response element

ATM Ataxia Telangiectasia Mutated

ATP Adenosine triphosphate

ATR Ataxia telangiectasia and Rad3 related
BMAT Bone marrow adipose tissue

BMD Bone mineral destiny

BNIP3 Bcl-2/adenovirus E1B 19-kDa interacting protein
CAT Catalase

CARD Caspase recruitment domain

cD Cluster of differentiation

CXCL1 C-X-C Motif Chemokine Ligand 1
DAMPs Damage-associated molecular patterns
DNA Desoxyribonucleic acid

Erk1/2 Extracellular signal-regulated kinase 1/2
FoxO Forkhead box O

GPX Glutathione peroxidase

GSDMD Gasdermins

GSH Glutathione

GSSG Glutathione disulfide

H,0, Hydrogen peroxide

HIF-1/2a  Hypoxia-inducible factor 1/2a

HO-1 Heme oxygenase-1

IL Interleukin

JNK C-Jun N-terminal kinases

Keap1 Kelch-like ECH-associated protein 1
M-CSF Monocyte/macrophage colony-stimulating factor
MAPK Mitogen-activated protein kinase

MDA Malondialdehyde

Mfn2 Mitofusin 2

MKK Mitogen-activated protein kinase-kinase
MLKL Mixed lineage kinase domain-like
MMPs Matrix metalloproteinases

MSC Mesenchymal stem cells

mtDNA Mitochondrial DNA
NAD(PH)  Nicotinamide adenine dinucleotide (phosphate)



Riegger et al. Cellular & Molecular Biology Letters (2023) 28:76 Page 30 of 41

NF-kB Nuclear factor-kB

NLRP3 Nucleotide-binding domain and leucine-rich repeat protein-3
NO Nitric oxide

NOX NADPH oxidase

Nrf2 Nuclear factor erythroid 2-related factor 2

02~ Superoxide

OA Osteoarthritis

-OH Hydroxyl radical

OMM Outer mitochondrial membrane

ONOO™ Peroxynitrite

PINK1 PTEN-induced putative kinase

PPARy Peroxisome proliferator-activated receptor y

PTOA Posttraumatic osteoarthritis

RANK(L) Receptor activator of nuclear factor kappa-B (ligand)
RIPK Receptor-interacting serine/threonine-protein kinase

ROS/RNS  Reactive oxygen/ nitrogen species
SA-B-Gal  Senescence-associated B-galactosidase

SASP Senescence-associated secretory phenotype
SIPS Stress-induced premature senescence

SIRT Sirtuin

SOD Superoxide dismutase

SQSTM1 Autophagic adaptor protein sequestosome-1
Th17 Inflammatory T cells

TNF(R1) Tumor necrosis factor (receptor 1)

Acknowledgements
The authors would like to thank Patrizia Horny for her excellent support in creating the illustrations and Robert Blakytny
for the final proofreading of the manuscript.

Author contributions
Writing of original manuscript: JR, AS, LR, and MH-L; illustrations: JR and AS; proofreading and editing of the manuscript:
JR, AS, LR, MH-L, and Al. All authors read and approved the final version of the manuscript.

Funding

Open Access funding enabled and organized by Projekt DEAL. This work was supported by the German Research
Foundation, within the context of the Collaborative Research Center 1149 “Danger Response, Disturbance Factors and
Regenerative Potential After Acute Trauma” (project B09). Moreover, the work was supported by the European Social
Fund and by the Ministry of Science, Research and Arts Baden-Wurttemberg.

Availability of data and materials
Not applicable.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Received: 1 June 2023 Accepted: 11 September 2023
Published online: 30 September 2023

References

1. Balaban RS, Nemoto S, Finkel T. Mitochondria, oxidants, and aging. Cell. 2005;120(4):483-95. https://doi.org/10.
1016/j.cell.2005.02.001.

2. Zullo A, Guida R, Sciarrillo R, Mancini FP. Redox homeostasis in cardiovascular disease: the role of mitochondrial
sirtuins. Front Endocrinol (Lausanne). 2022;13:858330. https://doi.org/10.3389/fend0.2022.858330.

3. Nathan C, Cunningham-Bussel A. Beyond oxidative stress: an immunologist’s guide to reactive oxygen species.
Nat Rev Immunol. 2013;13(5):349-61. https://doi.org/10.1038/nri3423.

4. Schieber M, Chandel NS. ROS function in redox signaling and oxidative stress. Curr Biol. 2014;24(10):R453-62.
https://doi.org/10.1016/j.cub.2014.03.034.

5. ShaY, Marshall HE. S-nitrosylation in the regulation of gene transcription. Biochim Biophys Acta. 2012;1820(6):701—
11. https://doi.org/10.1016/j.bbagen.2011.05.008.


https://doi.org/10.1016/j.cell.2005.02.001
https://doi.org/10.1016/j.cell.2005.02.001
https://doi.org/10.3389/fendo.2022.858330
https://doi.org/10.1038/nri3423
https://doi.org/10.1016/j.cub.2014.03.034
https://doi.org/10.1016/j.bbagen.2011.05.008

Riegger et al. Cellular & Molecular Biology Letters (2023) 28:76 Page 31 of 41

20.

21

22.

23.

24.

25.

26.

27.

28.

29.

30.

32.

33

Pérez de la Lastra JM, Juan CA, Plou FJ, Pérez-Lebena E. The Nitration of proteins, lipids and DNA by peroxynitrite
derivatives-chemistry involved and biological relevance. Stresses. 2022;2(1):53-64.

Atashi F, Modarressi A, Pepper MS. The role of reactive oxygen species in mesenchymal stem cell adipogenic and
osteogenic differentiation: a review. Stem Cells and Development. 2015;24(10):1150-63. https://doi.org/10.1089/
5¢d.2014.0484.

Riegger J, Palm HG, Brenner RE. The functional role of chondrogenic stem/progenito R cells: novel evidence for
immunomodulatory properties and regenerative potential after cartilage injury. Eur Cell Mater. 2018;36:110-27.
https://doi.org/10.22203/eCM.v036a09.

Schoppa AM, Chen X, Ramge JM, Vikman A, Fischer V, Haffner-Luntzer M, et al. Osteoblast lineage Sod2 deficiency
leads to an osteoporosis-like phenotype in mice. Dis Model Mech. 2022. https://doi.org/10.1242/dmm.049392.
Fiedor J, Burda K. Potential role of carotenoids as antioxidants in human health and disease. Nutrients.
2014;6(2):466-88. https://doi.org/10.3390/nu6020466.

Zahan OM, Serban O, Gherman C, Fodor D. The evaluation of oxidative stress in osteoarthritis. Med Pharm Rep.
2020;93(1):12-22. https://doi.org/10.15386/mpr-1422.

Wang Y, Branicky R, Noe A, Hekimi S. Superoxide dismutases: dual roles in controlling ROS damage and regulating
ROS signaling. J Cell Biol. 2018;217(6):1915-28. https://doi.org/10.1083/jcb.201708007.

Fridovich I. Superoxide anion radical (02-), superoxide dismutases, and related matters. J Biol Chem.
1997,272(30):18515-7. https://doi.org/10.1074/jbc.272.30.18515.

Bombicino SS, Iglesias DE, Rukavina-Mikusic 1A, Buchholz B, Gelpi RJ, Boveris A, et al. Hydrogen peroxide, nitric
oxide and ATP are molecules involved in cardiac mitochondrial biogenesis in Diabetes. Free Radical Biol Med.
2017;112:267-76. https://doi.org/10.1016/j.freeradbiomed.2017.07.027.

Palma FR, He CX, Danes JM, PavianiV, Coelho DR, Gantner BN, et al. Mitochondrial superoxide dismutase: what
the established, the intriguing, and the novel reveal about a key cellular redox switch. Antioxid Redox Sign.
2020;32(10):701-14. https://doi.org/10.1089/ars.2019.7962.

Velarde MC, Flynn JM, Day NU, Melov S, Campisi J. Mitochondrial oxidative stress caused by Sod2 deficiency pro-
motes cellular senescence and aging phenotypes in the skin. Aging-Us. 2012;4(1):3-12. https://doi.org/10.18632/
aging.100423.

LiYB, Huang TT, Carlson EJ, Melov S, Ursell PC, Olson TL, et al. Dilated cardiomyopathy and neonatal lethality in
mutant mice lacking manganese superoxide-dismutase. Nat Genet. 1995;11(4):376-81. https://doi.org/10.1038/
ng1295-376.

Lebovitz RM, Zhang H, Vogel H, Cartwright J Jr, Dionne L, Lu N, et al. Neurodegeneration, myocardial injury,

and perinatal death in mitochondrial superoxide dismutase-deficient mice. Proc Natl Acad Sci U S A.
1996,93(18):9782-7. https://doi.org/10.1073/pnas.93.18.9782.

Izuo N, Nojiri H, Uchiyama S, Noda Y, Kawakami S, Kojima S, et al. Brain-specific superoxide dismutase 2 deficiency
causes perinatal death with spongiform encephalopathy in mice. Oxid Med Cell Longev. 2015. https://doi.org/10.
1155/2015/238914.

Townsend DM, Tew KD, Tapiero H. The importance of glutathione in human disease. Biomed Pharmacother.
2003;57(3-4):145-55. https://doi.org/10.1016/50753-3322(03)00043-X.

Li Q, Cheng JC, Jiang Q, Lee WY. Role of sirtuins in bone biology: potential implications for novel therapeutic
strategies for osteoporosis. Aging Cell. 2021;20(2):e13301. https://doi.org/10.1111/acel.13301.

Sun KB, Wu YA, Zeng Y, Xu JW, Wu LM, Li MY, et al. The role of the sirtuin family in cartilage and osteoar-

thritis: molecular mechanisms and therapeutic targets. Arthritis Res Ther. 2022. https://doi.org/10.1186/
$13075-022-02983-8.

Wang CZ,Yang Y, Zhang YQ, Liu JY, Yao ZJ, Zhang C. Protective effects of metformin against osteoarthritis through
upregulation of SIRT3-mediated PINK1/Parkin-dependent mitophagy- in primary chondrocytes. Biosci Trends.
2018;12(6):605-12. https://doi.org/10.5582/bst.2018.01263.

Takayama K, Ishida K, Matsushita T, Fujita N, Hayashi S, Sasaki K, et al. SIRT1 regulation of apoptosis of human
chondrocytes. Arthritis Rheum. 2009;60(9):2731-40. https://doi.org/10.1002/art.24864.

Ma ZX, Xu H, Xiang W, Qi J, Xu YY, Zhao ZG. Deacetylation of FOXO4 by Sirt1 stabilizes chondrocyte extracel-

lular matrix upon activating SOX9. Eur Rev Med Pharmaco. 2021;25(2):626-35. https://doi.org/10.26355/eurrev_
202101_24621.

DaiY, Liu S, Li J, Li J, LanYY, Nie H, et al. SIRT4 suppresses the inflammatory response and oxidative stress in osteoar-
thritis. Am J Transl Res. 2020;12(5):1965-75.

Nagai K, Matsushita T, Matsuzaki T, Takayama K, Matsumoto T, Kuroda R, et al. Depletion of SIRT6 causes cel-

lular senescence, DNA damage, and telomere dysfunction in human chondrocytes. Osteoarthr Cartilage.
2015;23(8):1412-20. https://doi.org/10.1016/jjoca.2015.03.024.

Gu X, Wang Z, Gao J, Han D, Zhang L, Chen P, et al. SIRT1 suppresses p53-dependent apoptosis by modulation of
p21 in osteoblast-like MC3T3-E1 cells exposed to fluoride. Toxicol In Vitro. 2019;57:28-38. https://doi.org/10.1016/j.
1iv.2019.02.006.

Zainabadi K, Liu CJ, Caldwell ALM, Guarente L. SIRT1 is a positive regulator of in vivo bone mass and a therapeutic
target for osteoporosis. PLoS ONE. 2017;12(9):e0185236. https://doi.org/10.1371/journal.pone.0185236.

Wang FS, Kuo CW, Ko JY, Chen YS, Wang SY, Ke HJ, et al. Irisin mitigates oxidative stress, chondrocyte dysfunction
and osteoarthritis development through regulating mitochondrial integrity and autophagy. Antioxidants (Basel).
2020. https://doi.org/10.3390/antiox9090810.

Yang XH, Jiang TL, Wang Y, Guo L. The role and mechanism of SIRT1 in resveratrol-requlated osteoblast autophagy
in osteoporosis rats. Sci Rep-Uk. 2019. https://doi.org/10.1038/541598-019-44766-3.

GuoY, Jia X, CuiY, Song Y, Wang S, Geng Y, et al. Sirt3-mediated mitophagy regulates AGEs-induced BMSCs senes-
cence and senile osteoporosis. Redox Biol. 2021;41:101915. https://doi.org/10.1016/j.redox.2021.101915.

Ahn BH, Kim HS, Song SW, Lee IH, Liu J, Vassilopoulos A, et al. A role for the mitochondrial deacetylase Sirt3 in
regulating energy homeostasis. Proc Natl Acad Sci USA. 2008;105(38):14447-52. https://doi.org/10.1073/pnas.
0803790105.


https://doi.org/10.1089/scd.2014.0484
https://doi.org/10.1089/scd.2014.0484
https://doi.org/10.22203/eCM.v036a09
https://doi.org/10.1242/dmm.049392
https://doi.org/10.3390/nu6020466
https://doi.org/10.15386/mpr-1422
https://doi.org/10.1083/jcb.201708007
https://doi.org/10.1074/jbc.272.30.18515
https://doi.org/10.1016/j.freeradbiomed.2017.07.027
https://doi.org/10.1089/ars.2019.7962
https://doi.org/10.18632/aging.100423
https://doi.org/10.18632/aging.100423
https://doi.org/10.1038/ng1295-376
https://doi.org/10.1038/ng1295-376
https://doi.org/10.1073/pnas.93.18.9782
https://doi.org/10.1155/2015/238914
https://doi.org/10.1155/2015/238914
https://doi.org/10.1016/S0753-3322(03)00043-X
https://doi.org/10.1111/acel.13301
https://doi.org/10.1186/s13075-022-02983-8
https://doi.org/10.1186/s13075-022-02983-8
https://doi.org/10.5582/bst.2018.01263
https://doi.org/10.1002/art.24864
https://doi.org/10.26355/eurrev_202101_24621
https://doi.org/10.26355/eurrev_202101_24621
https://doi.org/10.1016/j.joca.2015.03.024
https://doi.org/10.1016/j.tiv.2019.02.006
https://doi.org/10.1016/j.tiv.2019.02.006
https://doi.org/10.1371/journal.pone.0185236
https://doi.org/10.3390/antiox9090810
https://doi.org/10.1038/s41598-019-44766-3
https://doi.org/10.1016/j.redox.2021.101915
https://doi.org/10.1073/pnas.0803790105
https://doi.org/10.1073/pnas.0803790105

Riegger et al. Cellular & Molecular Biology Letters (2023) 28:76 Page 32 of 41

34

35.

36.

37.

38.

39.

40.

41.

42.

43.

45.

46.

47.

48.

49.

50.

51

52.

53.

54,

55.

56.

57.

58.

59.

60.

Brenmoehl J, Hoeflich A. Dual control of mitochondrial biogenesis by sirtuin 1 and sirtuin 3. Mitochondrion.
2013;13(6):755-61. https://doi.org/10.1016/j.mito.2013.04.002.

Cimen H, Han MJ, Yang YJ, Tong Q, Koc H, Koc EC. Regulation of succinate dehydrogenase activity by SIRT3 in
mammalian mitochondria. Biochemistry-Us. 2010;49(2):304-11. https://doi.org/10.1021/bi901627u.

Yang YJ, Cimen HY, Han MJ, Shi T, Deng JH, Koc H, et al. NAD(+)-dependent deacetylase SIRT3 regulates mitochondrial
protein synthesis by deacetylation of the ribosomal protein mRPL10. J Biol Chem. 2010;285(10):7417-29. https://doi.org/
10.1074/jbcM109.053421.

Matsuzaki T, Matsushita T, Takayama K, Matsumoto T, Nishida K, Kuroda R, et al. Disruption of Sirt1 in chondrocytes

causes accelerated progression of osteoarthritis under mechanical stress and during ageing in mice. Ann Rheum Dis.
2014;73(7):1397-404. https//doi.org/10.1136/annrheumdis-2012-2026.20.

Gao J,Feng ZH,Wang XQ, Zeng MQ, Liu J,Han SJ, et al. SIRT3/SOD2 maintains osteoblast differentiation and bone formation
by regulating mitochondrial stress. Cell Death Differ. 2018;25(2):229-40. https://doi.org/10.1038/cdd.2017.144.

Zhu SA, Donovan EL, Makosa D, Mehta-D'souza P, Jopkiewicz A, Batushansky A, et al. Sirt3 promotes chondrogenesis, chon-
drocyte mitochondrial respiration and the development of high-fat diet-induced osteoarthritis in mice. J Bone Miner Res.
2022. https//doi.org/10.1002/jbmr4721.

Klotz LO, Sanchez-Ramos C, Prieto-Arroyo |, Urbanek P, Steinbrenner H, Monsalve M. Redox regulation of FoxO transcription
factors. Redox Biol. 2015;6:51-72. https://doi.org/10.1016/j.redox.2015.06.019.

Greer EL, Banko MR, Brunet A. AMP-activated protein kinase and FoxO transcription factors in dietary restriction-induced
longevity. Ann N'Y Acad Sci. 2009;1170:688-92. https.//doi.org/10.1111/j.1749-6632.2009.04019.x.

Essers MAG, Weijzen S, de Vries-Smits AMM, Saarloos |, de Ruiter ND, Bos JL, et al. FOXO transcription factor activation by oxi-
dative stress mediated by the small GTPase Ral and JNK. Embo J. 2004;23(24):4802-12. https.//doi.org/10.1038/sj.emboj.
7600476.

Yun H, Park S, Kim MJ, Yang WK, Im DU, Yang KR, et al. AMP-activated protein kinase mediates the antioxidant effects of
resveratrol through regulation of the transcription factor FoxO1. Febs J. 2014;281(19):4421-38. https//doi.org/10.1111/
febs.12949.

ZhaoY,Hu XB, Liu YJ, Dong SM, Wen ZW, He WM, et al. ROS signaling under metabolic stress: cross-talk between AMPK and
AKT pathway. Mol Cancer. 2017. https://doi.org/10.1186/512943-017-0648-1.

AkasakiY, Hasegawa A, Saito M, Asahara H, IwamotoY, Lotz MK. Dysregulated FOXO transcription factors in articular cartilage
in aging and osteoarthritis. Osteoarthr Cartilage. 2014;22(1):162-70. https://doi.org/10.1016/jjoca.2013.11.004.

Zhang F, Peng W, Zhang J, Dong W, Yuan D, Zheng Y, et al. New strategy of bone marrow mesenchymal

stem cells against oxidative stress injury via Nrf2 pathway: oxidative stress preconditioning. J Cell Biochem.
2019;120(12):19902-14. https://doi.org/10.1002/jcb.29298.

Nioi P McMahon M, Itoh K, Yamamoto M, Hayes JD. Identification of a novel Nrf2-regulated antioxidant response
element (ARE) in the mouse NAD(P)H:quinone oxidoreductase 1 gene: reassessment of the ARE consensus
sequence. Biochem J. 2003;374(Pt 2):337-48. https://doi.org/10.1042/BJ20030754.

Vomhof-Dekrey EE, Picklo MJ Sr. The Nrf2-antioxidant response element pathway: a target for regulating energy
metabolism. J Nutr Biochem. 2012;23(10):1201-6. https://doi.org/10.1016/jjnutbio.2012.03.005.

Itoh K, Ye P, Matsumiya T, Tanji K, Ozaki T. Emerging functional cross-talk between the Keap1-Nrf2 system and
mitochondria. J Clin Biochem Nutr. 2015;56(2):91-7. https://doi.org/10.3164/jcbn.14-134.

Kobayashi A, Kang MI, Okawa H, Ohtsuji M, Zenke Y, Chiba T, et al. Oxidative stress sensor Keap1 functions as an
adaptor for Cul3-based E3 ligase to regulate for proteasomal degradation of Nrf2. Mol Cell Biol. 2004;24(16):7130-
9. https://doi.org/10.1128/Mcb.24.16.7130-7139.2004.

Itoh K, Chiba T, Takahashi S, Ishii T, Igarashi K, Katoh Y, et al. An Nrf2/small Maf heterodimer mediates the induction
of phase Il detoxifying enzyme genes through antioxidant response elements. Biochem Biophys Res Commun.
1997;236(2):313-22. https://doi.org/10.1006/bbrc.1997.6943.

Hirotsu Y, Katsuoka F, Funayama R, Nagashima T, Nishida Y, Nakayama K, et al. Nrf2-MafG heterodimers contribute
globally to antioxidant and metabolic networks. Nucleic Acids Res. 2012;40(20):10228-39. https://doi.org/10.1093/
nar/gks827.

Suzuki T, Muramatsu A, Saito R, Iso T, Shibata T, Kuwata K, et al. Molecular mechanism of cellular oxidative stress
sensing by Keap1. Cell Rep. 2019;28(3):746-58. https://doi.org/10.1016/j.celrep.2019.06.047.

Piantadosi CA, Carraway MS, Babiker A, Suliman HB. Heme oxygenase-1 regulates cardiac mitochondrial bio-
genesis via Nrf2-mediated transcriptional control of nuclear respiratory factor-1. Circ Res. 2008;103(11):1232-
U60. https://doi.org/10.1161/01.RES.0000338597.71702.ad.

Merry TL, Ristow M. Nuclear factor erythroid-derived 2-like 2 (NFE2L2, Nrf2) mediates exercise-induced mito-
chondrial biogenesis and the anti-oxidant response in mice. J Physiol-London. 2016;594(18):5195-207. https://
doi.org/10.1113/Jp271957.

Murata H, Takamatsu H, Liu S, Kataoka K, Huh NH, Sakaguchi M. NRF2 regulates PINK1 expression under oxida-
tive stress conditions. PLoS ONE. 2015;10(11):e0142438. https://doi.org/10.1371/journal.pone.0142438.

Xiao L, Xu XX, Zhang F, Wang M, Xu Y, Tang D, et al. The mitochondria-targeted antioxidant MitoQ ameliorated
tubular injury mediated by mitophagy in diabetic kidney disease via Nrf2/PINK1. Redox Biol. 2017;11:297-311.
https://doi.org/10.1016/j.redox.2016.12.022.

Jain A, Lamark T, Sjottem E, Larsen KB, Awuh JA, Overvatn A, et al. p62/SQSTM1 is a target gene for transcrip-
tion factor NRF2 and creates a positive feedback loop by inducing antioxidant response element-driven gene
transcription. J Biol Chem. 2010;285(29):22576-91. https://doi.org/10.1074/jbc.M110.118976.

Komatsu M, Kurokawa H, Waguri S, Taguchi K, Kobayashi A, Ichimura Y, et al. The selective autophagy substrate
p62 activates the stress responsive transcription factor Nrf2 through inactivation of Keap1. Nat Cell Biol.
2010;12(3):213-23. https://doi.org/10.1038/ncb2021.

Wang H, Zhou XM, Wu LY, Liu GJ, Xu WD, Zhang XS, et al. Aucubin alleviates oxidative stress and inflammation
via Nrf2-mediated signaling activity in experimental traumatic brain injury. J Neuroinflamm. 2020. https://doi.
org/10.1186/512974-020-01863-9.


https://doi.org/10.1016/j.mito.2013.04.002
https://doi.org/10.1021/bi901627u
https://doi.org/10.1074/jbc.M109.053421
https://doi.org/10.1074/jbc.M109.053421
https://doi.org/10.1136/annrheumdis-2012-202620
https://doi.org/10.1038/cdd.2017.144
https://doi.org/10.1002/jbmr.4721
https://doi.org/10.1016/j.redox.2015.06.019
https://doi.org/10.1111/j.1749-6632.2009.04019.x
https://doi.org/10.1038/sj.emboj.7600476
https://doi.org/10.1038/sj.emboj.7600476
https://doi.org/10.1111/febs.12949
https://doi.org/10.1111/febs.12949
https://doi.org/10.1186/s12943-017-0648-1
https://doi.org/10.1016/j.joca.2013.11.004
https://doi.org/10.1002/jcb.29298
https://doi.org/10.1042/BJ20030754
https://doi.org/10.1016/j.jnutbio.2012.03.005
https://doi.org/10.3164/jcbn.14-134
https://doi.org/10.1128/Mcb.24.16.7130-7139.2004
https://doi.org/10.1006/bbrc.1997.6943
https://doi.org/10.1093/nar/gks827
https://doi.org/10.1093/nar/gks827
https://doi.org/10.1016/j.celrep.2019.06.047
https://doi.org/10.1161/01.RES.0000338597.71702.ad
https://doi.org/10.1113/Jp271957
https://doi.org/10.1113/Jp271957
https://doi.org/10.1371/journal.pone.0142438
https://doi.org/10.1016/j.redox.2016.12.022
https://doi.org/10.1074/jbc.M110.118976
https://doi.org/10.1038/ncb2021
https://doi.org/10.1186/s12974-020-01863-9
https://doi.org/10.1186/s12974-020-01863-9

Riegger et al. Cellular & Molecular Biology Letters (2023) 28:76 Page 33 of 41

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

Cai D, Wang J, Chen S, Jiang L, Chen J, Wu J, et al. Coniferaldehyde prevents articular cartilage destruction in a
murine model via Nrf2/HO-1 pathway. Mol Med Rep. 2021. https://doi.org/10.3892/mmr.2021.11863.

Xue XH, Xue JX, Hu W, Shi FL, Yang Y. Nomilin targets the Keap1-Nrf2 signalling and ameliorates the develop-
ment of osteoarthritis. J Cell Mol Med. 2020;24(15):8579-88. https://doi.org/10.1111/jcmm.15484.

Zheng YH, Yang JJ, Tang PJ, Zhu Y, Chen Z, She C, et al. A novel Keap1 inhibitor iKeap1 activates Nrf2 signaling
and ameliorates hydrogen peroxide-induced oxidative injury and apoptosis in osteoblasts. Cell Death Dis.
2021. https://doi.org/10.1038/541419-021-03962-8.

Sanchez-de-Diego C, Pedrazza L, Pimenta-Lopes C, Martinez-Martinez A, Dahdah N, Valer JA, et al. NRF2 func-
tion in osteocytes is required for bone homeostasis and drives osteocytic gene expression. Redox Biol. 2021.
https://doi.org/10.1016/j.redox.2020.101845.

Kubo Y, Gonzalez JAH, Beckmann R, Weiler M, Pahlavani H, Saldivar MC, et al. Nuclear factor erythroid 2-related
factor 2 (Nrf2) deficiency causes age-dependent progression of female osteoporosis. BMC Musculoskel Dis.
2022. https://doi.org/10.1186/512891-022-05942-1.

Cai D, Yin S, Yang J, Jiang Q, Cao W. Histone deacetylase inhibition activates Nrf2 and protects against osteoar-
thritis. Arthritis Res Ther. 2015;17:269. https://doi.org/10.1186/513075-015-0774-3.

Ratcliffe PJ. HIF-1 and HIF-2: working alone or together in hypoxia? J Clin Invest. 2007;117(4):862-5. https://doi.
org/10.1172/JCI131750.

Zhang FJ, Luo W, Lei GH. Role of HIF-1alpha and HIF-2alpha in osteoarthritis. Joint Bone Spine. 2015;82(3):144-
7. https://doi.org/10.1016/j.jbspin.2014.10.003.

Groulx |, Lee S. Oxygen-dependent ubiquitination and degradation of hypoxia-inducible factor requires
nuclear-cytoplasmic trafficking of the von Hippel-Lindau tumor suppressor protein. Mol Cell Biol.
2002;22(15):5319-36. https://doi.org/10.1128/MCB.22.15.5319-5336.2002.

Hannah SS, McFadden S, McNeilly A, McClean C."Take My Bone Away?" Hypoxia and bone: a narrative review. J
Cell Physiol. 2021;236(2):721-40. https://doi.org/10.1002/jcp.29921.

Yang G, Shi R, Zhang Q. Hypoxia and oxygen-sensing signaling in gene regulation and cancer progression. Int
J Mol Sci. 2020;21(21):8162. https://doi.org/10.3390/ijms21218162.

Liu M, Galli G, Wang Y, Fan Q, Wang Z, Wang X, et al. Novel therapeutic targets for hypoxia-related cardiovascu-
lar diseases: the role of HIF-1. Front Physiol. 2020;11:774. https://doi.org/10.3389/fphys.2020.00774.

Chandel NS, Maltepe E, Goldwasser E, Mathieu CE, Simon MC, Schumacker PT. Mitochondrial reactive oxygen
species trigger hypoxia-induced transcription. Proc Natl Acad Sci U S A. 1998;95(20):11715-20. https://doi.org/
10.1073/pnas.95.20.11715.

Wheaton WW, Chandel NS. Hypoxia. 2. Hypoxia regulates cellular metabolism. Am J Physiol Cell Physiol.
2011;300(3):C385-93. https://doi.org/10.1152/ajpcell.00485.2010.

Fu ZJ,Wang ZY, Xu L, Chen XH, Li XX, Liao WT, et al. HIF-1alpha-BNIP3-mediated mitophagy in tubular cells
protects against renal ischemia/reperfusion injury. Redox Biol. 2020;36:101671. https://doi.org/10.1016/j.redox.
2020.101671.

Qiao J, Huang J, Zhou M, Cao G, Shen H. Inhibition of HIF-1alpha restrains fracture healing via regulation of
autophagy in a rat model. Exp Ther Med. 2019;17(3):1884-90. https://doi.org/10.3892/etm.2018.7115.

Hu S, Zhang C, Ni L, Huang C, Chen D, Shi K, et al. Stabilization of HIF-1alpha alleviates osteoarthritis via
enhancing mitophagy. Cell Death Dis. 2020;11(6):481. https://doi.org/10.1038/541419-020-2680-0.

Chiu DKC, Tse APW, Law CT, Xu IMJ, Lee D, Chen MN, et al. Hypoxia regulates the mitochondrial activity of
hepatocellular carcinoma cells through HIF/HEY1/PINK1 pathway. Cell Death Dis. 2019;10:934. https://doi.org/
10.1038/541419-019-2155-3.

Bonello S, Zahringer C, BelAiba RS, Djordjevic T, Hess J, Michiels C, et al. Reactive oxygen species activate the
HIF-1alpha promoter via a functional NFkappaB site. Arterioscler Thromb Vasc Biol. 2007,27(4):755-61. https://
doi.org/10.1161/01.ATV.0000258979.92828.bc.

Khatri JJ, Johnson C, Magid R, Lessner SM, Laude KM, Dikalov SI, et al. Vascular oxidant stress enhances pro-
gression and angiogenesis of experimental atheroma. Circulation. 2004;109(4):520-5. https://doi.org/10.1161/
01.Cir.0000109698.70638.2b.

Potteti HR, Noone PM, Tamatam CR, Ankireddy A, Noel S, Rabb H, et al. Nrf2 mediates hypoxia-inducible HIF1alpha
activation in kidney tubular epithelial cells. Am J Physiol Renal Physiol. 2021,320(3):F464-74. https://doi.org/10.
1152/ajprenal.00501.2020.

Jin X, Gong L, PengY, Li L, Liu G. Enhancer-bound Nrf2 licenses HIF-1alpha transcription under hypoxia to promote
cisplatin resistance in hepatocellular carcinoma cells. Aging (Albany NY). 2020;13(1):364-75. https://doi.org/10.
18632/aging.202137.

Dioum EM, Chen R, Alexander MS, Zhang Q, Hogg RT, Gerard RD, et al. Regulation of hypoxia-inducible factor
2alpha signaling by the stress-responsive deacetylase sirtuin 1. Science. 2009;324(5932):1289-93. https://doi.org/
10.1126/science.1169956.

Lim JH, Lee YM, Chun YS, Chen J, Kim JE, Park JW. Sirtuin 1 modulates cellular responses to hypoxia by deacetylat-
ing hypoxia-inducible factor 1alpha. Mol Cell. 2010;38(6):864-78. https://doi.org/10.1016/jmolcel.2010.05.023.

Li P LiuY, Qin X, Chen K, Wang R, Yuan L, et al. SIRT1 attenuates renal fibrosis by repressing HIF-2alpha. Cell Death
Discov. 2021;7(1):59. https://doi.org/10.1038/541420-021-00443-x.

Yoon H, Shin SH, Shin DH, Chun YS, Park JW. Differential roles of Sirt1 in HIF-1alpha and HIF-2alpha mediated
hypoxic responses. Biochem Biophys Res Commun. 2014;444(1):36-43. https://doi.org/10.1016/j.bbrc.2014.01.001.
Li'YN, Xi MM, Guo 'Y, Hai CX, Yang WL, Qin XJ. NADPH oxidase-mitochondria axis-derived ROS mediate arsenite-
induced HIF-1alpha stabilization by inhibiting prolyl hydroxylases activity. Toxicol Lett. 2014;224(2):165-74. https://
doi.org/10.1016/j.toxlet.2013.10.029.

Diebold I, Flugel D, Becht S, Belaiba RS, Bonello S, Hess J, et al. The hypoxia-inducible factor-2alpha is stabilized by
oxidative stress involving NOX4. Antioxid Redox Signal. 2010;13(4):425-36. https://doi.org/10.1089/ars.2009.3014.


https://doi.org/10.3892/mmr.2021.11863
https://doi.org/10.1111/jcmm.15484
https://doi.org/10.1038/s41419-021-03962-8
https://doi.org/10.1016/j.redox.2020.101845
https://doi.org/10.1186/s12891-022-05942-1
https://doi.org/10.1186/s13075-015-0774-3
https://doi.org/10.1172/JCI31750
https://doi.org/10.1172/JCI31750
https://doi.org/10.1016/j.jbspin.2014.10.003
https://doi.org/10.1128/MCB.22.15.5319-5336.2002
https://doi.org/10.1002/jcp.29921
https://doi.org/10.3390/ijms21218162
https://doi.org/10.3389/fphys.2020.00774
https://doi.org/10.1073/pnas.95.20.11715
https://doi.org/10.1073/pnas.95.20.11715
https://doi.org/10.1152/ajpcell.00485.2010
https://doi.org/10.1016/j.redox.2020.101671
https://doi.org/10.1016/j.redox.2020.101671
https://doi.org/10.3892/etm.2018.7115
https://doi.org/10.1038/s41419-020-2680-0
https://doi.org/10.1038/s41419-019-2155-3
https://doi.org/10.1038/s41419-019-2155-3
https://doi.org/10.1161/01.ATV.0000258979.92828.bc
https://doi.org/10.1161/01.ATV.0000258979.92828.bc
https://doi.org/10.1161/01.Cir.0000109698.70638.2b
https://doi.org/10.1161/01.Cir.0000109698.70638.2b
https://doi.org/10.1152/ajprenal.00501.2020
https://doi.org/10.1152/ajprenal.00501.2020
https://doi.org/10.18632/aging.202137
https://doi.org/10.18632/aging.202137
https://doi.org/10.1126/science.1169956
https://doi.org/10.1126/science.1169956
https://doi.org/10.1016/j.molcel.2010.05.023
https://doi.org/10.1038/s41420-021-00443-x
https://doi.org/10.1016/j.bbrc.2014.01.001
https://doi.org/10.1016/j.toxlet.2013.10.029
https://doi.org/10.1016/j.toxlet.2013.10.029
https://doi.org/10.1089/ars.2009.3014

Riegger et al. Cellular & Molecular Biology Letters (2023) 28:76 Page 34 of 41

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

106.

109.

1.

114,

115.

PanY, Mansfield KD, Bertozzi CC, Rudenko V, Chan DA, Giaccia AJ, et al. Multiple factors affecting cellular redox
status and energy metabolism modulate hypoxia-inducible factor prolyl hydroxylase activity in vivo and in vitro.
Mol Cell Biol. 2007;27(3):912-25. https://doi.org/10.1128/MCB.01223-06.

Domazetovic V, Marcucci G, lantomasi T, Brandi ML, Vincenzini MT. Oxidative stress in bone remodeling: role of
antioxidants. Clin Cases Miner Bone Metab. 2017;14(2):209-16. https://doi.org/10.11138/ccrmbm/2017.14.1.209.
Ahmad N, Ansari MY, Haqqi TM. Role of iNOS in osteoarthritis: pathological and therapeutic aspects. J Cell Physiol.
2020;235(10):6366-76. https://doi.org/10.1002/jcp.29607.

Gao Q, Chen F, Zhang LJ, Wei A, Wang YX, Wu ZW, et al. Inhibition of DNA methyltransferase aberrations reinstates
antioxidant aging suppressors and ameliorates renal aging. Aging Cell. 2022;21(1):e13526. https://doi.org/10.1111/
acel.13526.

Chen X, Zhu X, Wei A, Chen F, Gao Q, Lu K, et al. Nrf2 epigenetic derepression induced by running exercise pro-
tects against osteoporosis. Bone Res. 2021;9(1):15. https://doi.org/10.1038/541413-020-00128-8.

Collins JA, DeFoor MT, Susan C, Diekman BO, Loeser RF. Age and oxidative stress regulate Nrf2 homeostasis in
human articular chondrocytes. Osteoarthr Cartilage. 2020;28:590-1.

Wang Y, Zhao XL, Lotz M, Terkeltaub R, Liu-Bryan R. Mitochondrial biogenesis is impaired in osteoarthritis
chondrocytes but reversible via peroxisome proliferator-activated receptor gamma coactivator 1 alpha. Arthritis
Rheumatol. 2015;67(8):2141-53. https://doi.org/10.1002/art.39182.

Kovac S, Angelova PR, Holmstrom KM, Zhang Y, Dinkova-Kostova AT, Abramov AY. Nrf2 regulates ROS production
by mitochondria and NADPH oxidase. Biochim Biophys Acta. 2015;1850(4):794-801. https://doi.org/10.1016/j.
bbagen.2014.11.021.

Holmstrom KM, Baird L, Zhang Y, Hargreaves |, Chalasani A, Land JM, et al. Nrf2 impacts cellular bioenergetics by
controlling substrate availability for mitochondrial respiration. Biol Open. 2013;2(8):761-70. https://doi.org/10.
1242/bi0.20134853.

Jusup |, Batubara L, Ngestiningsih D, Fulyani F, Paveta D, Bancin P. Association between malondialdehyde, GSH/
GSSG ratio and bone mineral density in postmenopausal women. Mol Cell Biomed Sci. 2021;5(1):13.

Carlo MD Jr, Loeser RF. Increased oxidative stress with aging reduces chondrocyte survival: correlation with intra-
cellular glutathione levels. Arthritis Rheum. 2003;48(12):3419-30. https://doi.org/10.1002/art.11338.

Sabbatinelli J, Prattichizzo F, Olivieri F, Procopio AD, Rippo MR, Giuliani A. Where metabolism meets senescence:
focus on endothelial cells. Front Physiol. 2019;10:1523. https://doi.org/10.3389/fphys.2019.01523.

Bradshaw PC. Cytoplasmic and mitochondrial NADPH-coupled redox systems in the regulation of aging. Nutri-
ents. 2019;11(3):504. https://doi.org/10.3390/nu11030504.

Ruiz-Romero C, Calamia V, Mateos J, Carreira V, Martinez-Gomariz M, Fernandez M, et al. Mitochondrial dysregula-
tion of osteoarthritic human articular chondrocytes analyzed by proteomics: a decrease in mitochondrial super-
oxide dismutase points to a redox imbalance. Mol Cell Proteomics. 2009;8(1):172-89. https://doi.org/10.1074/mcp.
M800292-MCP200.

Scott JL, Gabrielides C, Davidson RK, Swingler TE, Clark IM, Wallis GA, et al. Superoxide dismutase downregulation
in osteoarthritis progression and end-stage disease. Ann Rheum Dis. 2010;69(8):1502-10. https://doi.org/10.1136/
ard.2009.119966.

Schumacher HR. Synovial fluid analysis and synovialbiopsy. In: Kelly WN, Harris ED, Ruddy S, Sledge CB, editors.
Textbook of rheumatology 1. 5 ed. Philadelphia, London, Toronto, Montreal, Sydney, Tokyo: WB SaundersCo; 1997.
FuY, Kinter M, Hudson J, Humphries KM, Lane RS, White JR, et al. Aging promotes sirtuin 3-dependent cartilage
superoxide dismutase 2 acetylation and osteoarthritis. Arthritis Rheumatol. 2016;68(8):1887-98. https://doi.org/10.
1002/art.39618.

Gavriilidis C, Miwa S, von Zglinicki T, Taylor RW, Young DA. Mitochondrial dysfunction in osteoarthritis is associated
with down-regulation of superoxide dismutase 2. Arthritis Rheum-Us. 2013;65(2):378-87. https://doi.org/10.1002/
art.37782.

Kilic U, Gok O, Bacaksiz A, Izmirli M, Elibol-Can B, Uysal O. SIRT1 gene polymorphisms affect the protein expression
in cardiovascular diseases. PLoS ONE. 2014,9(2):e90428. https://doi.org/10.1371/journal.pone.0090428.

Ramsey KM, Mills KF, Satoh A, Imai S. Age-associated loss of Sirt1-mediated enhancement of glucose-stimulated
insulin secretion in beta cell-specific Sirt1-overexpressing (BESTO) mice. Aging Cell. 2008;7(1):78-88. https://doi.
org/10.1111/j.1474-9726.2007.00355 X.

Camacho-Pereira J, Tarrago MG, Chini CCS, NinV, Escande C, Warner GM, et al. CD38 dictates age-related NAD
decline and mitochondrial dysfunction through an sirt3-dependent mechanism. Cell Metab. 2016;23(6):1127-39.
https://doi.org/10.1016/j.cmet.2016.05.006.

Sharma P, Shukla J, Sharma S, Garg N, Gupta P. Correlation of severity of primary knee osteoarthritis with the lipid
peroxidation marker in synovial fluid. Osteoarthr Cartilage. 2018;26:5113. https://doi.org/10.1016/j,joca.2018.02.
246.

Shah R, Raska K, Tiku ML. The presence of molecular markers of in vivo lipid peroxidation in osteoarthritic
cartilage—a pathogenic role in osteoarthritis. Arthritis Rheum-Us. 2005;52(9):2799-807. https://doi.org/10.1002/
art.21239.

Grigolo B, Roseti L, Fiorini M, Facchini A. Enhanced lipid peroxidation in synoviocytes from patients with osteoar-
thritis. J Rheumatol. 2003;30(2):345-7.

Copp ME, Chubinskaya S, Bracey DN, Shine J, Sessions G, Loeser RF, et al. Comet assay for quantification of the
increased DNA damage burden in primary human chondrocytes with aging and osteoarthritis. Aging Cell.
2022;21(9):e13698. https://doi.org/10.1111/acel.13698.

Grishko VI, Ho R, Wilson GL, Pearsall AW. Diminished mitochondrial DNA integrity and repair capacity in OA chon-
drocytes. Osteoarthr Cartilage. 2009;17(1):107-13. https://doi.org/10.1016/jjoca.2008.05.009.

Cervellati C, Romani A, Cremonini E, Bergamini CM, Fila E, Squerzanti M, et al. Higher urinary levels of 8-hydroxy-
2'-deoxyguanosine are associated with a worse RANKL/OPG ratio in postmenopausal women with osteopenia.
Oxid Med Cell Longev. 2016;2016:6038798. https://doi.org/10.1155/2016/6038798.


https://doi.org/10.1128/MCB.01223-06
https://doi.org/10.11138/ccmbm/2017.14.1.209
https://doi.org/10.1002/jcp.29607
https://doi.org/10.1111/acel.13526
https://doi.org/10.1111/acel.13526
https://doi.org/10.1038/s41413-020-00128-8
https://doi.org/10.1002/art.39182
https://doi.org/10.1016/j.bbagen.2014.11.021
https://doi.org/10.1016/j.bbagen.2014.11.021
https://doi.org/10.1242/bio.20134853
https://doi.org/10.1242/bio.20134853
https://doi.org/10.1002/art.11338
https://doi.org/10.3389/fphys.2019.01523
https://doi.org/10.3390/nu11030504
https://doi.org/10.1074/mcp.M800292-MCP200
https://doi.org/10.1074/mcp.M800292-MCP200
https://doi.org/10.1136/ard.2009.119966
https://doi.org/10.1136/ard.2009.119966
https://doi.org/10.1002/art.39618
https://doi.org/10.1002/art.39618
https://doi.org/10.1002/art.37782
https://doi.org/10.1002/art.37782
https://doi.org/10.1371/journal.pone.0090428
https://doi.org/10.1111/j.1474-9726.2007.00355.x
https://doi.org/10.1111/j.1474-9726.2007.00355.x
https://doi.org/10.1016/j.cmet.2016.05.006
https://doi.org/10.1016/j.joca.2018.02.246
https://doi.org/10.1016/j.joca.2018.02.246
https://doi.org/10.1002/art.21239
https://doi.org/10.1002/art.21239
https://doi.org/10.1111/acel.13698
https://doi.org/10.1016/j.joca.2008.05.009
https://doi.org/10.1155/2016/6038798

Riegger et al. Cellular & Molecular Biology Letters (2023) 28:76

119.

120.

121.

122.

123.

125.

126.

129.

130.

131.

132.

137.

138.

139.

140.

141.

142.

144.

Akpolat V, Bilgin HM, Celik MY, Erdemoglu M, Isik B. An evaluation of nitric oxide, folate, homocysteine levels and
lipid peroxidation in postmenopausal osteoporosis. Adv Clin Exp Med. 2013;22(3):403-9.

Wu Q, Zhong ZM, Pan'Y, Zeng JH, Zheng S, Zhu SY, et al. Advanced oxidation protein products as a novel marker
of oxidative stress in postmenopausal osteoporosis. Med Sci Monitor. 2015;21.

Brown TD, Johnston RC, Saltzman CL, Marsh JL, Buckwalter JA. Posttraumatic osteoarthritis: a first estimate of
incidence, prevalence, and burden of disease. J Orthop Trauma. 2006;20(10):739-44. https://doi.org/10.1097/01.
bot.0000246468.80635 ef.

Thomas AC, Hubbard-Turner T, Wikstrom EA, Palmieri-Smith RM. Epidemiology of posttraumatic osteoarthritis. J
Athl Train. 2017;52(6):491-6. https://doi.org/10.4085/1062-6050-51.5.08.

Riegger J, Brenner RE. Pathomechanisms of posttraumatic osteoarthritis: chondrocyte behavior and fate in a
precarious environment. Int J Mol Sci. 2020. https://doi.org/10.3390/ijms21051560.

Sun MM, Beier F. Chondrocyte hypertrophy in skeletal development, growth, and disease. Birth Defects Res C
Embryo Today. 2014;102(1):74-82. https://doi.org/10.1002/bdrc.21062.

Morita K, Miyamoto T, Fujita N, Kubota Y, Ito K, Takubo K; et al. Reactive oxygen species induce chondrocyte hyper-
trophy in endochondral ossification. J Exp Med. 2007;204(7):1613-23. https://doi.org/10.1084/jem.20062525.
Chawla S, Mainardi A, Majumder N, Donges L, Kumar B, Occhetta P, et al. Chondrocyte hypertrophy in osteoarthri-
tis: mechanistic studies and models for the identification of new therapeutic strategies. Cells. 2022. https://doi.
0rg/10.3390/cells11244034.

Riegger J, Brenner RE. Evidence of necroptosis in osteoarthritic disease: investigation of blunt mechani-

cal impact as possible trigger in regulated necrosis. Cell Death Dis. 2019;10(10):683. https://doi.org/10.1038/
$41419-019-1930-5.

Szondy Z, Garabuczi E, Joos G, Tsay GJ, Sarang Z. Impaired clearance of apoptotic cells in chronic inflammatory
diseases: therapeutic implications. Front Immunol. 2014;5:354. https://doi.org/10.3389/fimmu.2014.00354.

Lv Z Han J, Li J, Guo H, Fei Y, Sun Z, et al. Single cell RNA-seq analysis identifies ferroptotic chondrocyte cluster
and reveals TRPV1 as an anti-ferroptotic target in osteoarthritis. EBioMedicine. 2022;84:104258. https://doi.org/10.
1016/j.ebiom.2022.104258.

Wang S, Wang H, Feng C, Li C, Li Z, He J, et al. The regulatory role and therapeutic application of pyroptosis in
musculoskeletal diseases. Cell Death Discov. 2022;8(1):492. https://doi.org/10.1038/541420-022-01282-0.
Riegger J, Joos H, Palm HG, Friemert B, Reichel H, Ignatius A, et al. Antioxidative therapy in an ex vivo human carti-
lage trauma-model: attenuation of trauma-induced cell loss and ECM-destructive enzymes by N-acetyl cysteine.
Osteoarthr Cartilage. 2016,24(12):2171-80. https://doi.org/10.1016/j.joca.2016.07.019.

Yamada K, Yoshida K. Mechanical insights into the regulation of programmed cell death by p53 via mitochondria.
Bba-Mol Cell Res. 2019;1866(5):839-48. https://doi.org/10.1016/j.bbamcr.2019.02.009.

Flores-Romero H, Ros U, Garcia-Saez AJ. Pore formation in regulated cell death. Embo J. 2020;39(23):e105753.
https://doi.org/10.15252/embj.2020105753.

Yatim N, Cullen S, Albert ML. Dying cells actively regulate adaptive immune responses. Nat Rev Immunol.
2017;17(4):262-75. https://doi.org/10.1038/nri.2017.9.

Tanzer MC, Frauenstein A, Stafford CA, Phulphagar K, Mann M, Meissner F. Quantitative and dynamic catalogs of
proteins released during apoptotic and necroptotic cell death. Cell Rep. 2020;30(4):1260. https://doi.org/10.1016/j.
celrep.2019.12.079.

Medina CB, Mehrotra P, Arandjelovic S, Perrys JSA, Guo YZ, Morioka S, et al. Metabolites released from apoptotic
cells act as tissue messengers. Nature. 2020;580(7801):130. https://doi.org/10.1038/541586-020-2121-3.

Li MJ, Liao L, Tian WD. Extracellular vesicles derived from apoptotic cells: an essential link between death and
regeneration. Front Cell Dev Biol. 2020;8:573511. https://doi.org/10.3389/fcell.2020.573511.

Redza-Dutordoir M, Averill-Bates DA. Activation of apoptosis signalling pathways by reactive oxygen species. Bba-
Mol Cell Res. 2016;1863(12):2977-92. https://doi.org/10.1016/j.bbamcr2016.09.012.

ShiY, Nikulenkov F, Zawacka-Pankau J, Li H, Gabdoulline R, Xu J, et al. ROS-dependent activation of JNK converts
p53 into an efficient inhibitor of oncogenes leading to robust apoptosis. Cell Death Differ. 2014;21(4):612-23.
https://doi.org/10.1038/cdd.2013.186.

Yang HY, Xie Y, Yang DY, Ren DC. Oxidative stress-induced apoptosis in granulosa cells involves JNK, p53 and Puma.

Oncotarget. 2017;8(15):25310-22. https://doi.org/10.18632/oncotarget.15813.

Zhang XP, Liu F, Wang W. Two-phase dynamics of p53 in the DNA damage response. P Natl Acad Sci USA.
2011;108(22):8990-5. https://doi.org/10.1073/pnas.1100600108.

Srinivasula SM, Ahmad M, Fernandes-Alnemri T, Alnemri ES. Autoactivation of procaspase-9 by Apaf-1-medi-
ated oligomerization. Mol Cell. 1998;1(7):949-57. https://doi.org/10.1016/51097-2765(00)80095-7.
Kowaltowski AJ, Castilho RF, Vercesi AE. Mitochondrial permeability transition and oxidative stress. FEBS Lett.
2001;495(1-2):12-5. https://doi.org/10.1016/50014-5793(01)02316-x.

Early JO, Fagan LE, Curtis AM, Kennedy OD. Mitochondria in injury, inflammation and disease of articular skel-
etal joints. Front Immunol. 2021;12:695257. https://doi.org/10.3389/fimmu.2021.695257.

Delco ML, Bonnevie ED, Szeto HS, Bonassar LJ, Fortier LA. Mitoprotective therapy preserves chondrocyte

viability and prevents cartilage degeneration in an ex vivo model of posttraumatic osteoarthritis. J Orthop Res.

2018;36(8):2147-56. https://doi.org/10.1002/jor.23882.

Bartell LR, Fortier LA, Bonassar LJ, Szeto HH, Cohen |, Delco ML. Mitoprotective therapy prevents rapid,
strain-dependent mitochondrial dysfunction after articular cartilage injury. J Orthop Res. 2020;38(6):1257-67.
https://doi.org/10.1002/jor.24567.

Jiang Z, Qi G, Lu W, Wang H, Li D, Chen W, et al. Omaveloxolone inhibits IL-1beta-induced chondrocyte apop-
tosis through the Nrf2/ARE and NF-kappaB signalling pathways in vitro and attenuates osteoarthritis in vivo.
Front Pharmacol. 2022;13:952950. https://doi.org/10.3389/fphar.2022.952950.

Yan S, Wang M, Zhao J, Zhang H, Zhou C, Jin L, et al. MicroRNA-34a affects chondrocyte apoptosis and prolif-

eration by targeting the SIRT1/p53 signaling pathway during the pathogenesis of osteoarthritis. Int J Mol Med.

2016;38(1):201-9. https://doi.org/10.3892/ijmm.2016.2618.

Page 35 of 41


https://doi.org/10.1097/01.bot.0000246468.80635.ef
https://doi.org/10.1097/01.bot.0000246468.80635.ef
https://doi.org/10.4085/1062-6050-51.5.08
https://doi.org/10.3390/ijms21051560
https://doi.org/10.1002/bdrc.21062
https://doi.org/10.1084/jem.20062525
https://doi.org/10.3390/cells11244034
https://doi.org/10.3390/cells11244034
https://doi.org/10.1038/s41419-019-1930-5
https://doi.org/10.1038/s41419-019-1930-5
https://doi.org/10.3389/fimmu.2014.00354
https://doi.org/10.1016/j.ebiom.2022.104258
https://doi.org/10.1016/j.ebiom.2022.104258
https://doi.org/10.1038/s41420-022-01282-0
https://doi.org/10.1016/j.joca.2016.07.019
https://doi.org/10.1016/j.bbamcr.2019.02.009
https://doi.org/10.15252/embj.2020105753
https://doi.org/10.1038/nri.2017.9
https://doi.org/10.1016/j.celrep.2019.12.079
https://doi.org/10.1016/j.celrep.2019.12.079
https://doi.org/10.1038/s41586-020-2121-3
https://doi.org/10.3389/fcell.2020.573511
https://doi.org/10.1016/j.bbamcr.2016.09.012
https://doi.org/10.1038/cdd.2013.186
https://doi.org/10.18632/oncotarget.15813
https://doi.org/10.1073/pnas.1100600108
https://doi.org/10.1016/S1097-2765(00)80095-7
https://doi.org/10.1016/s0014-5793(01)02316-x
https://doi.org/10.3389/fimmu.2021.695257
https://doi.org/10.1002/jor.23882
https://doi.org/10.1002/jor.24567
https://doi.org/10.3389/fphar.2022.952950
https://doi.org/10.3892/ijmm.2016.2618

Riegger et al. Cellular & Molecular Biology Letters (2023) 28:76 Page 36 of 41

152.

153.

154.

155.

156.

157.

158.

159.

160.

162.

163.

165.

166.

171.

172.

173.

Sacitharan PK, Bou-Gharios G, Edwards JR. SIRT1 directly activates autophagy in human chondrocytes. Cell
Death Discov. 2020;6:41. https://doi.org/10.1038/541420-020-0277-0.

Dixon SJ, Lemberg KM, Lamprecht MR, Skouta R, Zaitsev EM, Gleason CE, et al. Ferroptosis: an iron-dependent
form of nonapoptotic cell death. Cell. 2012;149(5):1060-72. https://doi.org/10.1016/j.cell.2012.03.042.

Jiang X, Stockwell BR, Conrad M. Ferroptosis: mechanisms, biology and role in disease. Nat Rev Mol Cell Biol.
2021;22(4):266-82. https://doi.org/10.1038/541580-020-00324-8.

Pedrera L, Espiritu RA, Ros U, Weber J, Schmitt A, Stroh J, et al. Ferroptotic pores induce Ca(2+) fluxes and
ESCRT-II activation to modulate cell death kinetics. Cell Death Differ. 2021,28(5):1644-57. https://doi.org/10.
1038/541418-020-00691-x.

LiJ, Cao F,Yin HL, Huang ZJ, Lin ZT, Mao N, et al. Ferroptosis: past, present and future. Cell Death Dis.
2020;11(2):88. https://doi.org/10.1038/541419-020-2298-2.

Wang H, Liu C, Zhao YX, Gao G. Mitochondria regulation in ferroptosis. Eur J Cell Biol. 2020;99(1):151058.
https://doi.org/10.1016/j.ejcb.2019.151058.

Zhang S, Xu J, Si H,Wu'Y, Zhou S, Shen B. The role played by ferroptosis in osteoarthritis: evidence based on
iron dyshomeostasis and lipid peroxidation. Antioxidants (Basel). 2022. https://doi.org/10.3390/antiox1109
1668.

Miao Y, Chen'Y, Xue F, Liu K, Zhu B, Gao J, et al. Contribution of ferroptosis and GPX4's dual functions to osteo-
arthritis progression. EBioMedicine. 2022;76:103847. https://doi.org/10.1016/j.ebiom.2022.103847.

Guo Z, Lin JM, Sun K, Guo JY, Yao XD, Wang GC, et al. Deferoxamine alleviates osteoarthritis by inhibiting
chondrocyte ferroptosis and activating the Nrf2 pathway. Front Pharmacol. 2022;13:791376. https://doi.org/10.
3389/fphar.2022.791376.

Xu C, Ni'S, Xu NW, Yin GR, Yu YY, Zhou BJ, et al. Theaflavin-3,3"-digallate inhibits erastin-induced chondrocytes
ferroptosis via the Nrf2/GPX4 signaling pathway in osteoarthritis. Oxid Med Cell Longev. 2022;2022:3531995.
https://doi.org/10.1155/2022/3531995.

Gunther C, Martini E, Wittkopf N, Amann K, Weigmann B, Neumann H, et al. Caspase-8 regulates TNF-alpha-
induced epithelial necroptosis and terminal ileitis. Nature. 2011;477(7364):335-U108. https://doi.org/10.1038/
nature10400.

Geng J, ItoY, Shi L, Amin P, Chu J, Ouchida AT, et al. Regulation of RIPK1 activation by TAK1-mediated
phosphorylation dictates apoptosis and necroptosis. Nat Commun. 2017;8(1):359. https://doi.org/10.1038/
s41467-017-00406-w.

Ros U, Pena-Blanco A, Hanggi K, Kunzendorf U, Krautwald S, Wong WWL, et al. Necroptosis execution is medi-
ated by plasma membrane nanopores independent of calcium. Cell Rep. 2017;19(1):175-87. https://doi.org/
10.1016/j.celrep.2017.03.024.

Xia B, Fang S, Chen X, Hu H, Chen P, Wang H, et al. MLKL forms cation channels. Cell Res. 2016;26(5):517-28.
https://doi.org/10.1038/cr.2016.26.

Zhang Y, Su SS, Zhao S, Yang Z, Zhong CQ, Chen X, et al. RIP1 autophosphorylation is promoted by mitochon-
drial ROS and is essential for RIP3 recruitment into necrosome. Nat Commun. 2017;8:14329. https://doi.org/10.
1038/ncomms14329.

Marshall KD, Baines CP. Necroptosis: is there a role for mitochondria? Front Physiol. 2014;5:323. https://doi.org/
10.3389/fphys.2014.00323.

Wang Z, Jiang H, Chen S, Du F, Wang X. The mitochondrial phosphatase PGAMS5 functions at the convergence
point of multiple necrotic death pathways. Cell. 2012;148(1-2):228-43. https://doi.org/10.1016/j.cell.2011.11.
030.

Yang Z, Wang Y, Zhang Y, He X, Zhong CQ, Ni H, et al. RIP3 targets pyruvate dehydrogenase complex to increase
aerobic respiration in TNF-induced necroptosis. Nat Cell Biol. 2018;20(2):186-97. https://doi.org/10.1038/
541556-017-0022-y.

Vanlangenakker N, Vanden Berghe T, Bogaert P, Laukens B, Zobel K, Deshayes K, et al. clAP1 and TAK1 protect cells
from TNF-induced necrosis by preventing RIP1/RIP3-dependent reactive oxygen species production. Cell Death
Differ. 2011;18(4):656-65. https://doi.org/10.1038/cdd.2010.138.

Lin J, Li H,Yang M, Ren J, Huang Z, Han F, et al. A role of RIP3-mediated macrophage necrosis in atherosclerosis
development. Cell Rep. 2013;3(1):200-10. https://doi.org/10.1016/j.celrep.2012.12.012.

Davis CW, Hawkins BJ, Ramasamy S, Irrinki KM, Cameron BA, Islam K, et al. Nitration of the mitochondrial complex |
subunit NDUFBS elicits RIP1- and RIP3-mediated necrosis. Free Radic Biol Med. 2010;48(2):306-17. https://doi.org/
10.1016/jfreeradbiomed.2009.11.001.

ChenY, Ye X, Escames G, Lei W, Zhang X, Li M, et al. The NLRP3 inflammasome: contributions to inflammation-
related diseases. Cell Mol Biol Lett. 2023;28(1):51. https://doi.org/10.1186/511658-023-00462-9.

Coll RC, Schroder K, Pelegrin P. NLRP3 and pyroptosis blockers for treating inflammatory diseases. Trends Pharma-
col Sci. 2022;43(8):653-68. https://doi.org/10.1016/j.tips.2022.04.003.

Harijith A, Ebenezer DL, Natarajan V. Reactive oxygen species at the crossroads of inflammasome and inflamma-
tion. Front Physiol. 2014;5:352. https://doi.org/10.3389/fphys.2014.00352.

Mishra SR, Mahapatra KK, Behera BP, Patra S, Bhol CS, Panigrahi DP, et al. Mitochondrial dysfunction as a driver of
NLRP3 inflammasome activation and its modulation through mitophagy for potential therapeutics. Int J Biochem
Cell B. 2021;136:106013. https://doi.org/10.1016/j.biocel.2021.106013.

Liu Q, Zhang D, Hu D, Zhou X, Zhou Y. The role of mitochondria in NLRP3 inflammasome activation. Mol Immunol.
2018;103:115-24. https://doi.org/10.1016/j.molimm.2018.09.010.

AnY, Zhang H,Wang C, Jiao F, Xu H, Wang X, et al. Activation of ROS/MAPKs/NF-kappaB/NLRP3 and inhibition

of efferocytosis in osteoclast-mediated diabetic osteoporosis. FASEB J. 2019;33(11):12515-27. https://doi.org/10.
1096/f.201802805RR.

Bian HT, Wang GH, Huang JJ, Liang L, Zheng YG, Wei YY, et al. Dihydrolipoic acid protects against lipopolysaccha-
ride-induced behavioral deficits and neuroinflammation via regulation of Nrf2/HO-1/NLRP3 signaling in rat. J
Neuroinflamm. 2020;17(1):166. https://doi.org/10.1186/512974-020-01836-y.


https://doi.org/10.1038/s41420-020-0277-0
https://doi.org/10.1016/j.cell.2012.03.042
https://doi.org/10.1038/s41580-020-00324-8
https://doi.org/10.1038/s41418-020-00691-x
https://doi.org/10.1038/s41418-020-00691-x
https://doi.org/10.1038/s41419-020-2298-2
https://doi.org/10.1016/j.ejcb.2019.151058
https://doi.org/10.3390/antiox11091668
https://doi.org/10.3390/antiox11091668
https://doi.org/10.1016/j.ebiom.2022.103847
https://doi.org/10.3389/fphar.2022.791376
https://doi.org/10.3389/fphar.2022.791376
https://doi.org/10.1155/2022/3531995
https://doi.org/10.1038/nature10400
https://doi.org/10.1038/nature10400
https://doi.org/10.1038/s41467-017-00406-w
https://doi.org/10.1038/s41467-017-00406-w
https://doi.org/10.1016/j.celrep.2017.03.024
https://doi.org/10.1016/j.celrep.2017.03.024
https://doi.org/10.1038/cr.2016.26
https://doi.org/10.1038/ncomms14329
https://doi.org/10.1038/ncomms14329
https://doi.org/10.3389/fphys.2014.00323
https://doi.org/10.3389/fphys.2014.00323
https://doi.org/10.1016/j.cell.2011.11.030
https://doi.org/10.1016/j.cell.2011.11.030
https://doi.org/10.1038/s41556-017-0022-y
https://doi.org/10.1038/s41556-017-0022-y
https://doi.org/10.1038/cdd.2010.138
https://doi.org/10.1016/j.celrep.2012.12.012
https://doi.org/10.1016/j.freeradbiomed.2009.11.001
https://doi.org/10.1016/j.freeradbiomed.2009.11.001
https://doi.org/10.1186/s11658-023-00462-9
https://doi.org/10.1016/j.tips.2022.04.003
https://doi.org/10.3389/fphys.2014.00352
https://doi.org/10.1016/j.biocel.2021.106013
https://doi.org/10.1016/j.molimm.2018.09.010
https://doi.org/10.1096/fj.201802805RR
https://doi.org/10.1096/fj.201802805RR
https://doi.org/10.1186/s12974-020-01836-y

Riegger et al. Cellular & Molecular Biology Letters (2023) 28:76 Page 37 of 41

174.

175.

176.

177.

178.

179.

180.

181.
182.

186.

187.

188.

191.

192.

195.

199.

200.

201.

202.

Huang C, Zhang C, Yang P, Chao R, Yue Z, Li C, et al. Eldecalcitol inhibits LPS-induced NLRP3 inflammasome-
dependent pyroptosis in human gingival fibroblasts by activating the Nrf2/HO-1 signaling pathway. Drug Des
Devel Ther. 2020;14:4901-13. https://doi.org/10.2147/DDDT.5269223.

Chen Z, Zhong H, Wei J, Lin S, Zong Z, Gong F, et al. Inhibition of Nrf2/HO-1 signaling leads to increased activa-
tion of the NLRP3 inflammasome in osteoarthritis. Arthritis Res Ther. 2019;21(1):300. https://doi.org/10.1186/
$13075-019-2085-6.

Yan Z, QiW, Zhan J, Lin Z, Lin J, Xue X, et al. Activating Nrf2 signalling alleviates osteoarthritis development by
inhibiting inflammasome activation. J Cell Mol Med. 2020;24(22):13046-57. https://doi.org/10.1111/jcmm.15905.
Feng Z, Huang Q, Zhang X, Xu P, Li S, Ma D, et al. PPAR-y activation alleviates osteoarthritis through both the Nrf2/
NLRP3 and PGC-1a/Apm pathways by inhibiting pyroptosis. PPAR Res. 2023;2023:2523536. https://doi.org/10.
1155/2023/2523536.

Yoon YM, Han YS, Yun CW, Lee JH, Kim R, Lee SH. Pioglitazone protects mesenchymal stem cells against p-cresol-
induced mitochondrial dysfunction via up-regulation of PINK-1. Int J Mol Sci. 2018. https://doi.org/10.3390/ijms1
9102898.

Zhang ZW, Zhang XW, Meng L, Gong MQ, Li J, ShiW, et al. Pioglitazone inhibits diabetes-induced atrial mitochon-
drial oxidative stress and improves mitochondrial biogenesis, dynamics, and function through the PPAR-gamma/
PGC-1 alpha signaling pathway. Front Pharmacol. 2021;12:658362. https://doi.org/10.3389/fphar.2021.658362.
Liu G, Liu QB, Yan B, Zhu ZQ, Xu YZ. USP7 inhibition alleviates H202-induced injury in chondrocytes via inhibiting
NOX4/NLRP3 pathway. Front Pharmacol. 2021;11:617270. https://doi.org/10.3389/fphar.2020.617270.

Hinds P, Pietruska J. Senescence and tumor suppression. F1000Res. 2017;6:2121.

Childs BG, Durik M, Baker DJ, van Deursen JM. Cellular senescence in aging and age-related disease: from mecha-
nisms to therapy. Nat Med. 2015;21(12):1424-35. https://doi.org/10.1038/nm.4000.

Hayflick L, Moorhead PS. The serial cultivation of human diploid cell strains. Exp Cell Res. 1961;25(3):585-621.
https://doi.org/10.1016/0014-4827(61)90192-6.

Harley CB, Futcher AB, Greider CW. Telomeres shorten during aging of human fibroblasts. Nature.
1990;345(6274):458-60. https://doi.org/10.1038/345458a0.

Aan GJ, Hairi HA, Makpol S, Rahman MA, Karsani SA. Differences in protein changes between stress-induced
premature senescence and replicative senescence states. Electrophoresis. 2013;34(15):2209-17. https://doi.org/10.
1002/elps.201300086.

Price JS, Waters JG, Darrah C, Pennington C, Edwards DR, Donell ST, et al. The role of chondrocyte senescence in
osteoarthritis. Aging Cell. 2002;1(1):57-65. https://doi.org/10.1046/j.1474-9728.2002.00008 X.

Martin JA, Brown TD, Heiner AD, Buckwalter JA. Chondrocyte senescence, joint loading and osteoarthritis. Clin
Orthop Relat Res. 2004;427:596-103. https://doi.org/10.1097/01.bl0.0000143818.74887.b1.

Jeon OH, Kim C, Laberge RM, Demaria M, Rathod S, Vasserot AP, et al. Local clearance of senescent cells attenu-
ates the development of post-traumatic osteoarthritis and creates a pro-regenerative environment. Nat Med.
2017;23(6):775-81. https://doi.org/10.1038/nm.4324.

Krizhanovsky V, Yon M, Dickins RA, Hearn S, Simon J, Miething C, et al. Senescence of activated stellate cells limits
liver fibrosis. Cell. 2008;134(4):657-67. https://doi.org/10.1016/j.cell.2008.06.049.

Demaria M, Ohtani N, Youssef SA, Rodier F, Toussaint W, Mitchell JR, et al. An essential role for senescent cells in
optimal wound healing through secretion of PDGF-AA. Dev Cell. 2014;31(6):722-33. https://doi.org/10.1016/j.
devcel.2014.11.012.

Prata L, Ovsyannikova IG, Tchkonia T, Kirkland JL. Senescent cell clearance by the immune system: emerging
therapeutic opportunities. Semin Immunol. 2018;40:101275. https://doi.org/10.1016/j.smim.2019.04.003.

Xu M, Bradley EW, Weivoda MM, Hwang SM, Pirtskhalava T, Decklever T, et al. Transplanted senescent cells induce
an osteoarthritis-like condition in mice. J Gerontol A Biol Sci Med Sci. 2017;72(6):780-5. https://doi.org/10.1093/
gerona/glw154.

LiuY, Zhang Z, LiT, Xu H, Zhang H. Senescence in osteoarthritis: from mechanism to potential treatment. Arthritis
Res Ther. 2022;24(1):174. https://doi.org/10.1186/513075-022-02859-x.

Arra M, Swarnkar G, Alippe Y, Mbalaviele G, Abu-Amer Y. IkappaB-zeta signaling promotes chondrocyte inflam-
matory phenotype, senescence, and erosive joint pathology. Bone Res. 2022;10(1):12. https://doi.org/10.1038/
$41413-021-00183-9.

Acosta JC, Banito A, Wuestefeld T, Georgilis A, Janich P Morton JP, et al. A complex secretory program orchestrated
by the inflammasome controls paracrine senescence. Nat Cell Biol. 2013;15(8):978-90. https://doi.org/10.1038/
ncb2784.

Coppe JP, Desprez PY, Krtolica A, Campisi J. The senescence-associated secretory phenotype: the dark side of
tumor suppression. Annu Rev Pathol. 2010;5:99-118. https://doi.org/10.1146/annurev-pathol-121808-102144.
Munoz-Espin D, Serrano M. Cellular senescence: from physiology to pathology. Nat Rev Mol Cell Biol.
2014;15(7):482-96. https://doi.org/10.1038/nrm3823.

Chen QM, Liu J, Merrett JB. Apoptosis or senescence-like growth arrest: influence of cell-cycle position, p53, p21
and bax in H202 response of normal human fibroblasts. Biochem J. 2000;347(Pt 2):543-51. https://doi.org/10.
1042/0264-6021:3470543.

Tan S, Zhao S, Xiao X, Xiao L, Xie J, Tan S. Dp71 depleted HBE cells displayed increased DNA damage and apoptosis
induced by H(2)O(2). Cell Mol Biol Lett. 2019;24:42. https://doi.org/10.1186/511658-019-0169-6.

Brandl A, Hartmann A, Bechmann V, Graf B, Nerlich M, Angele P. Oxidative stress induces senescence in chondro-
cytes. J Orthop Res. 2011;29(7):1114-20. https://doi.org/10.1002/jor.21348.

Kirsch V, Ramge JM, Schoppa A, Ignatius A, Riegger J. In vitro characterization of doxorubicin-mediated stress-
induced premature senescence in human chondrocytes. Cells. 2022. https://doi.org/10.3390/cells11071106.
Yosef R, Pilpel N, Papismadov N, Gal H, Ovadya Y, Vadai E, et al. p21 maintains senescent cell viability under persis-
tent DNA damage response by restraining JNK and caspase signaling. EMBO J. 2017;36(15):2280-95. https://doi.
0rg/10.15252/embj.201695553.


https://doi.org/10.2147/DDDT.S269223
https://doi.org/10.1186/s13075-019-2085-6
https://doi.org/10.1186/s13075-019-2085-6
https://doi.org/10.1111/jcmm.15905
https://doi.org/10.1155/2023/2523536
https://doi.org/10.1155/2023/2523536
https://doi.org/10.3390/ijms19102898
https://doi.org/10.3390/ijms19102898
https://doi.org/10.3389/fphar.2021.658362
https://doi.org/10.3389/fphar.2020.617270
https://doi.org/10.1038/nm.4000
https://doi.org/10.1016/0014-4827(61)90192-6
https://doi.org/10.1038/345458a0
https://doi.org/10.1002/elps.201300086
https://doi.org/10.1002/elps.201300086
https://doi.org/10.1046/j.1474-9728.2002.00008.x
https://doi.org/10.1097/01.blo.0000143818.74887.b1
https://doi.org/10.1038/nm.4324
https://doi.org/10.1016/j.cell.2008.06.049
https://doi.org/10.1016/j.devcel.2014.11.012
https://doi.org/10.1016/j.devcel.2014.11.012
https://doi.org/10.1016/j.smim.2019.04.003
https://doi.org/10.1093/gerona/glw154
https://doi.org/10.1093/gerona/glw154
https://doi.org/10.1186/s13075-022-02859-x
https://doi.org/10.1038/s41413-021-00183-9
https://doi.org/10.1038/s41413-021-00183-9
https://doi.org/10.1038/ncb2784
https://doi.org/10.1038/ncb2784
https://doi.org/10.1146/annurev-pathol-121808-102144
https://doi.org/10.1038/nrm3823
https://doi.org/10.1042/0264-6021:3470543
https://doi.org/10.1042/0264-6021:3470543
https://doi.org/10.1186/s11658-019-0169-6
https://doi.org/10.1002/jor.21348
https://doi.org/10.3390/cells11071106
https://doi.org/10.15252/embj.201695553
https://doi.org/10.15252/embj.201695553

Riegger et al. Cellular & Molecular Biology Letters (2023) 28:76 Page 38 of 41

203.

204.

205.

206.

207.

208.

209.

210.

213.

216.

218.

219.

220.

221,

222.

223.

224.

225.

226.

227.

228.

229.

230.

231,

Kapi¢ A, Helmbold H, Reimer R, Klotzsche O, Deppert W, Bohn W. Cooperation between p53 and p130(Rb2) in
induction of cellular senescence. Cell Death Differ. 2006;13(2):324-34. https://doi.org/10.1038/sj.cdd.4401756.
Mijit M, Caracciolo V, Melillo A, Amicarelli F, Giordano A. Role of p53 in the regulation of cellular senescence.
Biomolecules. 2020. https://doi.org/10.3390/biom10030420.

Johmura'Y, Shimada M, Misaki T, Naiki-Ito A, Miyoshi H, Motoyama N, et al. Necessary and sufficient role for a
mitosis skip in senescence induction. Mol Cell. 2014;55(1):73-84. https://doi.org/10.1016/j.molcel.2014.05.003.
Stein GH, Drullinger LF, Soulard A, Dulic V. Differential roles for cyclin-dependent kinase inhibitors p21 and p16 in
the mechanisms of senescence and differentiation in human fibroblasts. Mol Cell Biol. 1999;19(3):2109-17. https://
doi.org/10.1128/MCB.19.3.2109.

Alcorta DA, Xiong Y, Phelps D, Hannon G, Beach D, Barrett JC. Involvement of the cyclin-dependent kinase
inhibitor p16 (INK4a) in replicative senescence of normal human fibroblasts. Proc Natl Acad Sci U S A.
1996;93(24):13742-7. https://doi.org/10.1073/pnas.93.24.13742.

Beausejour CM, Krtolica A, Galimi F, Narita M, Lowe SW, Yaswen P, et al. Reversal of human cellular senescence:
roles of the p53 and p16 pathways. EMBO J. 2003;22(16):4212-22. https://doi.org/10.1093/emboj/cdg417.
Diekman BO, Sessions GA, Collins JA, Knecht AK, Strum SL, Mitin NK; et al. Expression of p16(INK)(4a) is a biomarker
of chondrocyte aging but does not cause osteoarthritis. Aging Cell. 2018;17(4):e12771. https://doi.org/10.1111/
acel.12771.

Coppe JP, Rodier F, Patil CK, Freund A, Desprez PY, Campisi J. Tumor suppressor and aging biomarker p16(INK4a)
induces cellular senescence without the associated inflammatory secretory phenotype. J Biol Chem.
2011;286(42):36396-403. https://doi.org/10.1074/jbc.M111.257071.

Chapman J, Fielder E, Passos JF. Mitochondrial dysfunction and cell senescence: deciphering a complex relation-
ship. FEBS Lett. 2019;593(13):1566-79. https://doi.org/10.1002/1873-3468.13498.

Jiang N, Xing B, Peng R, Shang J, Wu B, Xiao P, et al. Inhibition of Cpt1a alleviates oxidative stress-induced
chondrocyte senescence via regulating mitochondrial dysfunction and activating mitophagy. Mech Ageing Dev.
2022;205:111688. https://doi.org/10.1016/jmad.2022.111688.

Yoon YS, Yoon DS, Lim IK, Yoon SH, Chung HY, Rojo M, et al. Formation of elongated giant mitochondria in DFO-
induced cellular senescence: involvement of enhanced fusion process through modulation of Fis1. J Cell Physiol.
2006;209(2):468-80. https://doi.org/10.1002/jcp.20753.

Lee HC, Yin PH, Chi CW, Wei YH. Increase in mitochondrial mass in human fibroblasts under oxidative stress and
during replicative cell senescence. J Biomed Sci. 2002;9(6 Pt 1):517-26. https://doi.org/10.1007/BF02254978.
Hoshino A, Mita Y, Okawa Y, Ariyoshi M, Iwai-Kanai E, Ueyama T, et al. Cytosolic p53 inhibits Parkin-mediated
mitophagy and promotes mitochondrial dysfunction in the mouse heart. Nat Commun. 2013;4:2308. https://doi.
org/10.1038/ncomms3308.

Ahmad T, Sundar IK, Lerner CA, Gerloff J, Tormos AM, Yao H, et al. Impaired mitophagy leads to cigarette

smoke stress-induced cellular senescence: implications for chronic obstructive pulmonary disease. FASEB J.
2015;29(7):2912-29. https://doi.org/10.1096/f).14-268276.

D’Amico D, Olmer M, Fouassier AM, Valdes P, Andreux PA, Rinsch C, et al. Urolithin A improves mitochondrial
health, reduces cartilage degeneration, and alleviates pain in osteoarthritis. Aging Cell. 2022;21(8):e13662. https://
doi.org/10.1111/acel.13662.

He Y, Yocum L, Alexander PG, Jurczak MJ, Lin H. Urolithin A protects chondrocytes from mechanical overloading-
induced injuries. Front Pharmacol. 2021;12:703847. https://doi.org/10.3389/fphar.2021.703847.

Sun K, WuY, Zeng Y, Xu J, Wu L, Li M, et al. The role of the sirtuin family in cartilage and osteoarthritis:

molecular mechanisms and therapeutic targets. Arthritis Res Ther. 2022,24(1):286. https://doi.org/10.1186/
$13075-022-02983-8.

Zhou Z,Deng Z, LiuY, Zheng Y, Yang S, Lu W, et al. Protective effect of SIRT1 activator on the knee with osteoarthri-
tis. Front Physiol. 2021;12:661852. https://doi.org/10.3389/fphys.2021.661852.

JiML, Jiang H, Li Z, Geng R, Hu JZ, Lin YC, et al. Sirt6 attenuates chondrocyte senescence and osteoarthritis pro-
gression. Nat Commun. 2022;13(1):7658. https://doi.org/10.1038/541467-022-35424-w.

WuY, Chen L, Wang Y, LiW, Lin Y, Yu D, et al. Overexpression of Sirtuin 6 suppresses cellular senescence and NF-
kappaB mediated inflammatory responses in osteoarthritis development. Sci Rep. 2015;5:17602. https://doi.org/
10.1038/srep17602.

Zhang XX, He SH, Liang X, Li W, Li TF, Li DF. Aging, cell senescence, the pathogenesis and targeted therapies of
osteoarthritis. Front Pharmacol. 2021;12:728100. https://doi.org/10.3389/fphar.2021.728100.

Agidigbi TS, Kim C. Reactive oxygen species in osteoclast differentiation and possible pharmaceutical targets of
ROS-mediated osteoclast diseases. Int J Mol Sci. 2019. https://doi.org/10.3390/ijms20143576.

Callaway DA, Jiang JX. Reactive oxygen species and oxidative stress in osteoclastogenesis, skeletal aging and bone
diseases. J Bone Miner Metab. 2015;33(4):359-70. https://doi.org/10.1007/500774-015-0656-4.

SunY, Li J, Xie X, Gu F, Sui Z, Zhang K, et al. Macrophage-osteoclast associations: origin, polarization, and sub-
groups. Front Immunol. 2021;12:778078. https://doi.org/10.3389/fimmu.2021.778078.

Marcucci G, Domazetovic V, Nediani C, Ruzzolini J, Favre C, Brandi ML. Oxidative stress and natural antioxidants in
osteoporosis: novel preventive and therapeutic approaches. Antioxidants (Basel). 2023. https://doi.org/10.3390/
antiox12020373.

Ren X, Shan WH, Wei LL, Gong CC, Pei DS. ACP5: its structure, distribution, regulation and novel functions. Antican-
cer Agents Med Chem. 2018;18(8):1082-90. https://doi.org/10.2174/1871520618666180411123447.

Claes L, Recknagel S, Ignatius A. Fracture healing under healthy and inflammatory conditions. Nat Rev Rheumatol.
2012;8(3):133-43. https://doi.org/10.1038/nrrheun.2012.1.

Haffner-Luntzer M, Liedert A, Ignatius A. Mechanobiology of bone remodeling and fracture healing in the aged
organism. Innov Surg Sci. 2016;1(2):57. https://doi.org/10.1515/iss-2016-0021.

Wildemann B, Ignatius A, Leung F, Taitsman LA, Smith RM, Pesantez R, et al. Non-union bone fractures. Nat Rev Dis
Primers. 2021;7(1):57. https://doi.org/10.1038/541572-021-00289-8.


https://doi.org/10.1038/sj.cdd.4401756
https://doi.org/10.3390/biom10030420
https://doi.org/10.1016/j.molcel.2014.05.003
https://doi.org/10.1128/MCB.19.3.2109
https://doi.org/10.1128/MCB.19.3.2109
https://doi.org/10.1073/pnas.93.24.13742
https://doi.org/10.1093/emboj/cdg417
https://doi.org/10.1111/acel.12771
https://doi.org/10.1111/acel.12771
https://doi.org/10.1074/jbc.M111.257071
https://doi.org/10.1002/1873-3468.13498
https://doi.org/10.1016/j.mad.2022.111688
https://doi.org/10.1002/jcp.20753
https://doi.org/10.1007/BF02254978
https://doi.org/10.1038/ncomms3308
https://doi.org/10.1038/ncomms3308
https://doi.org/10.1096/fj.14-268276
https://doi.org/10.1111/acel.13662
https://doi.org/10.1111/acel.13662
https://doi.org/10.3389/fphar.2021.703847
https://doi.org/10.1186/s13075-022-02983-8
https://doi.org/10.1186/s13075-022-02983-8
https://doi.org/10.3389/fphys.2021.661852
https://doi.org/10.1038/s41467-022-35424-w
https://doi.org/10.1038/srep17602
https://doi.org/10.1038/srep17602
https://doi.org/10.3389/fphar.2021.728100
https://doi.org/10.3390/ijms20143576
https://doi.org/10.1007/s00774-015-0656-4
https://doi.org/10.3389/fimmu.2021.778078
https://doi.org/10.3390/antiox12020373
https://doi.org/10.3390/antiox12020373
https://doi.org/10.2174/1871520618666180411123447
https://doi.org/10.1038/nrrheum.2012.1
https://doi.org/10.1515/iss-2016-0021
https://doi.org/10.1038/s41572-021-00289-8

Riegger et al. Cellular & Molecular Biology Letters (2023) 28:76 Page 39 of 41

232.

233.

234.

235.

236.

237.

238.

239.

240.

241.

242.

243.

244,

245,

246.

247.

248.

249.

250.

252.

253.

254,

255.

256.

257.

258.

259.

260.

261.

262.

Sheppard AJ, Barfield AM, Barton S, Dong Y. Understanding reactive oxygen species in bone regeneration: a
glance at potential therapeutics and bioengineering applications. Front Bioeng Biotechnol. 2022;10:836764.
https://doi.org/10.3389/fbice.2022.836764.

Abaricia JO, Shah AH, Musselman RM, Olivares-Navarrete R. Hydrophilic titanium surfaces reduce neutrophil
inflammatory response and NETosis. Biomater Sci. 2020;8(8):2289-99. https://doi.org/10.1039/c9bm01474h.

Bir SC, Shen X, Kavanagh TJ, Kevil CG, Pattillo CB. Control of angiogenesis dictated by picomolar superoxide levels.
Free Radic Biol Med. 2013;63:135-42. https://doi.org/10.1016/jfreeradbiomed.2013.05.015.

Arakaki N, Yamashita A, Niimi S, Yamazaki T. Involvement of reactive oxygen species in osteoblastic differentia-
tion of MC3T3-E1 cells accompanied by mitochondrial morphological dynamics. Biomed Res. 2013;34(3):161-6.
https://doi.org/10.2220/biomedres.34.161.

Bhatti FU, Mehmood A, Latief N, Zahra S, Cho H, Khan SN, et al. Vitamin E protects rat mesenchymal stem cells
against hydrogen peroxide-induced oxidative stress in vitro and improves their therapeutic potential in surgically-
induced rat model of osteoarthritis. Osteoarthr Cartilage. 2017;25(2):321-31. https://doi.org/10.1016/jjoca.2016.
09.014.

Zhu C, Shen S, Zhang S, Huang M, Zhang L, Chen X. Autophagy in bone remodeling: a regulator of oxidative
stress. Front Endocrinol (Lausanne). 2022;13:898634. https://doi.org/10.3389/fendo.2022.898634.

Ludin A, Gur-Cohen S, Golan K, Kaufmann KB, Itkin T, Medaglia C, et al. Reactive oxygen species regulate hemat-
opoietic stem cell self-renewal, migration and development, as well as their bone marrow microenvironment.
Antioxid Redox Signal. 2014;21(11):1605-19. https://doi.org/10.1089/ars.2014.5941.

Saul D, Khosla S. Fracture healing in the setting of endocrine diseases, aging, and cellular senescence. Endocr Rev.
2022;43(6):984-1002. https://doi.org/10.1210/endrev/bnac008.

Saul D, Monroe DG, Rowsey JL, Kosinsky RL, Vos SJ, Doolittle ML, et al. Modulation of fracture healing by the tran-
sient accumulation of senescent cells. Elife. 2021. https://doi.org/10.7554/eLife.69958.

Moiseeva V, Cisneros A, Cobos AC, Tarrega AB, Onate CS, Perdiguero E, et al. Context-dependent roles of cellular
senescence in normal, aged, and disease states. FEBS J. 2023;290(5):1161-85. https://doi.org/10.1111/febs.16573.
Bajada S, Marshall MJ, Wright KT, Richardson JB, Johnson WE. Decreased osteogenesis, increased cell senescence
and elevated Dickkopf-1 secretion in human fracture non union stromal cells. Bone. 2009;45(4):726-35. https.//
doi.org/10.1016/j.bone.2009.06.015.

Gilbert HTJ, Swift J. The consequences of ageing, progeroid syndromes and cellular senescence on mechanotrans-
duction and the nucleus. Exp Cell Res. 2019;378(1):98-103. https://doi.org/10.1016/j.yexcr.2019.03.002.

Liu J, Zhang J, Lin X, Boyce BF, Zhang H, Xing L. Age-associated callus senescent cells produce TGF-beta1 that
inhibits fracture healing in aged mice. J Clin Invest. 2022. https://doi.org/10.1172/JC1148073.

Sfeir JG, Drake MT, Khosla S, Farr JN. Skeletal aging. Mayo Clin Proc. 2022;97(6):1194-208. https://doi.org/10.1016/j.
mayocp.2022.03.011.

NIH Consensus Development Panel on Osteoporosis Prevention, Diagnosis, and Therapy, March 7-29, 2000: high-
lights of the conference. South Med J. 2001;94(6):569-73.

Borgstrom F, Karlsson L, Ortsater G, Norton N, Halbout P, Cooper C, et al. Fragility fractures in Europe: burden,
management and opportunities. Arch Osteoporos. 2020;15(1):59. https://doi.org/10.1007/511657-020-0706-y.
Johnell O, Kanis J. Epidemiology of osteoporotic fractures. Osteoporos Int. 2005;16(Suppl 2):53-7. https://doi.org/
10.1007/500198-004-1702-6.

Gregson CL, Armstrong DJ, Bowden J, Cooper C, Edwards J, Gittoes NJL, et al. UK clinical guideline for the preven-
tion and treatment of osteoporosis. Arch Osteoporos. 2022;17(1):58. https://doi.org/10.1007/511657-022-01061-5.
Oliveira MC, Campos-Shimada LB, Marcal-Natali MR, Ishii-lwamoto EL, Salgueiro-Pagadigorria CL. A long-term
estrogen deficiency in ovariectomized mice is associated with disturbances in fatty acid oxidation and oxidative
stress. Rev Bras Ginecol Obstet. 2018;40(5):251-9. https://doi.org/10.1055/5-0038-1666856.

Almeida M, O'Brien CA. Basic biology of skeletal aging: role of stress response pathways. J Gerontol A Biol Sci Med
Sci. 2013;68(10):1197-208. https://doi.org/10.1093/gerona/glt079.

Phetfong J, Sanvoranart T, Nartprayut K, Nimsanor N, Seenprachawong K, Prachayasittikul V, et al. Osteoporosis:
the current status of mesenchymal stem cell-based therapy. Cell Mol Biol Lett. 2016;21:12. https://doi.org/10.1186/
s11658-016-0013-1.

Srivastava RK, Sapra L. The rising era of “immunoporosis”: role of immune system in the pathophysiology of osteo-
porosis. J Inflamm Res. 2022;15:1667-98. https://doi.org/10.2147/JIR.S351918.

Saxena Y, Routh S, Mukhopadhaya A. Immunoporosis: role of innate immune cells in osteoporosis. Front Immunol.
2021;12:687037. https://doi.org/10.3389/fimmu.2021.687037.

FischerV, Haffner-Luntzer M. Interaction between bone and immune cells: implications for postmenopausal
osteoporosis. Semin Cell Dev Biol. 2022;123:14-21. https://doi.org/10.1016/j.semcdb.2021.05.014.

Gibon E, Loi F, Cordova LA, Pajarinen J, Lin T, Lu L, et al. Aging affects bone marrow macrophage polarization:
relevance to bone healing. Regen Eng Transl Med. 2016,2(2):98-104. https://doi.org/10.1007/540883-016-0016-5.
Ragipoglu D, Dudeck A, Haffner-Luntzer M, Voss M, Kroner J, Ignatius A, et al. The role of mast cells in bone
metabolism and bone disorders. Front Immunol. 2020;11:163. https://doi.org/10.3389/fimmu.2020.00163.
FischerV, Ragipoglu D, Diedrich J, Steppe L, Dudeck A, Schutze K; et al. Mast cells trigger disturbed bone healing
in osteoporotic mice. J Bone Miner Res. 2022;37(1):137-51. https://doi.org/10.1002/jbmr.4455.

Ohl K, Tenbrock K. Reactive oxygen species as regulators of MDSC-mediated immune suppression. Front Immunol.
2018;9:2499. https://doi.org/10.3389/fimmu.2018.02499.

Salminen A. Increased immunosuppression impairs tissue homeostasis with aging and age-related diseases. J Mol
Med. 2021;99(1):1-20. https://doi.org/10.1007/s00109-020-01988-7.

Salminen A, Kaarniranta K, Kauppinen A. Immunosenescence: the potential role of myeloid-derived suppressor
cells (MDSC) in age-related immune deficiency. Cell Mol Life Sci. 2019;76(10):1901-18. https://doi.org/10.1007/
500018-019-03048-x.

Dar HY, Azam Z, Anupam R, Mondal RK, Srivastava RK. Osteoimmunology: the Nexus between bone and immune
system. Front Biosci (Landmark Ed). 2018;23(3):464-92. https://doi.org/10.2741/4600.


https://doi.org/10.3389/fbioe.2022.836764
https://doi.org/10.1039/c9bm01474h
https://doi.org/10.1016/j.freeradbiomed.2013.05.015
https://doi.org/10.2220/biomedres.34.161
https://doi.org/10.1016/j.joca.2016.09.014
https://doi.org/10.1016/j.joca.2016.09.014
https://doi.org/10.3389/fendo.2022.898634
https://doi.org/10.1089/ars.2014.5941
https://doi.org/10.1210/endrev/bnac008
https://doi.org/10.7554/eLife.69958
https://doi.org/10.1111/febs.16573
https://doi.org/10.1016/j.bone.2009.06.015
https://doi.org/10.1016/j.bone.2009.06.015
https://doi.org/10.1016/j.yexcr.2019.03.002
https://doi.org/10.1172/JCI148073
https://doi.org/10.1016/j.mayocp.2022.03.011
https://doi.org/10.1016/j.mayocp.2022.03.011
https://doi.org/10.1007/s11657-020-0706-y
https://doi.org/10.1007/s00198-004-1702-6
https://doi.org/10.1007/s00198-004-1702-6
https://doi.org/10.1007/s11657-022-01061-5
https://doi.org/10.1055/s-0038-1666856
https://doi.org/10.1093/gerona/glt079
https://doi.org/10.1186/s11658-016-0013-1
https://doi.org/10.1186/s11658-016-0013-1
https://doi.org/10.2147/JIR.S351918
https://doi.org/10.3389/fimmu.2021.687037
https://doi.org/10.1016/j.semcdb.2021.05.014
https://doi.org/10.1007/s40883-016-0016-5
https://doi.org/10.3389/fimmu.2020.00163
https://doi.org/10.1002/jbmr.4455
https://doi.org/10.3389/fimmu.2018.02499
https://doi.org/10.1007/s00109-020-01988-7
https://doi.org/10.1007/s00018-019-03048-x
https://doi.org/10.1007/s00018-019-03048-x
https://doi.org/10.2741/4600

Riegger et al. Cellular & Molecular Biology Letters (2023) 28:76

263.

264.

265.

266.

267.

268.

269.

270.

272.

273.

274.

275.

276.

277.

278.

279.

280.

281.

282.

283.

284.

285.

286.

287.

288.

289.

Onal M, Xiong J, Chen X, Thostenson JD, Aimeida M, Manolagas SC, et al. Receptor activator of nuclear factor
kappaB ligand (RANKL) protein expression by B lymphocytes contributes to ovariectomy-induced bone loss. J Biol
Chem. 2012;287(35):29851-60. https://doi.org/10.1074/jbc.M112.377945.

Priyanka HP, Sharma U, Gopinath S, SharmaV, Hima L, ThyagaRajan S. Menstrual cycle and reproductive aging
alters immune reactivity, NGF expression, antioxidant enzyme activities, and intracellular signaling pathways in
the peripheral blood mononuclear cells of healthy women. Brain Behav Immun. 2013;32:131-43. https://doi.org/
10.1016/j.bbi.2013.03.008.

Sapra L, Bhardwaj A, Mishra PK, Garg B, Verma B, Mishra GC, et al. Regulatory B cells (Bregs) inhibit osteoclastogen-
esis and play a potential role in ameliorating ovariectomy-induced bone loss. Front Immunol. 2021;12:691081.
https://doi.org/10.3389/fimmu.2021.691081.

Buettmann EG, Goldscheitter GM, Hoppock GA, Friedman MA, Suva LJ, Donahue HJ. Similarities between disuse
and age-induced bone loss. J Bone Miner Res. 2022,37(8):1417-34. https://doi.org/10.1002/jbmr.4643.

Al-Dujaili SA, Lau E, Al-Dujaili H, Tsang K, Guenther A, You L. Apoptotic osteocytes regulate osteoclast precursor
recruitment and differentiation in vitro. J Cell Biochem. 2011;112(9):2412-23. https://doi.org/10.1002/jcb.23164.
Liang B, Burley G, Lin S, Shi YC. Osteoporosis pathogenesis and treatment: existing and emerging avenues. Cell
Mol Biol Lett. 2022;27(1):72. https://doi.org/10.1186/511658-022-00371-3.

Ding P, Gao C, GaoY, Liu D, Li H, Xu J, et al. Osteocytes regulate senescence of bone and bone marrow. Elife. 2022.
https://doi.org/10.7554/eLife.81480.

Kobayashi K, Nojiri H, Saita Y, Morikawa D, Ozawa Y, Watanabe K, et al. Mitochondrial superoxide in osteocytes
perturbs canalicular networks in the setting of age-related osteoporosis. Sci Rep. 2015;5:9148. https://doi.org/10.
1038/srep09148.

Forrester SJ, Kikuchi DS, Hernandes MS, Xu Q, Griendling KK. Reactive oxygen species in metabolic and inflamma-
tory signaling. Circ Res. 2018;122(6):877-902. https://doi.org/10.1161/CIRCRESAHA.117.311401.

Gao X, Yu X, Zhang C, Wang Y, Sun Y, Sun H, et al. Telomeres and mitochondrial metabolism: implications for
cellular senescence and age-related diseases. Stem Cell Rev Rep. 2022;18(7):2315-27. https://doi.org/10.1007/
$12015-022-10370-8.

Yan C, ShiY, Yuan L, Lv D, Sun B, Wang J, et al. Mitochondrial quality control and its role in osteoporosis. Front
Endocrinol (Lausanne). 2023;14:1077058. https://doi.org/10.3389/fendo.2023.1077058.

Mohammadalipour A, Dumbali SP, Wenzel PL. Mitochondrial transfer and regulators of mesenchymal stromal cell
function and therapeutic efficacy. Front Cell Dev Biol. 2020;8:603292. https://doi.org/10.3389/fcell.2020.603292.
Paliwal S, Chaudhuri R, Agrawal A, Mohanty S. Regenerative abilities of mesenchymal stem cells through mito-
chondrial transfer. J Biomed Sci. 2018;25(1):31. https://doi.org/10.1186/512929-018-0429-1.

Cai W, Zhang J, Yu Y, NiY, Wei Y, Cheng Y, et al. Mitochondrial transfer regulates cell fate through metabolic remod-
eling in osteoporosis. Adv Sci (Weinh). 2023;10(4):e2204871. https://doi.org/10.1002/advs.202204871.

GuoY, Xie C, Li X,Yang J, YuT, Zhang R, et al. Succinate and its G-protein-coupled receptor stimulates osteoclas-
togenesis. Nat Commun. 2017;8:15621. https://doi.org/10.1038/ncomms15621.

Deng R, Liu Y, He H, Zhang H, Zhao C, Cui Z, et al. Haemin pre-treatment augments the cardiac protection of mes-

enchymal stem cells by inhibiting mitochondrial fission and improving survival. J Cell Mol Med. 2020;24(1):431-40.

https://doi.org/10.1111/jcm.14747.

Onal M, Piemontese M, Xiong J, Wang Y, Han L, Ye S, et al. Suppression of autophagy in osteocytes mimics skeletal
aging. J Biol Chem. 2013,288(24):17432-40. https://doi.org/10.1074/jbc.M112.444190.

Wang J, Zhang Y, Cao J, Wang Y, Anwar N, Zhang Z, et al. The role of autophagy in bone metabolism and clinical
significance. Autophagy. 2023;19(9):2409-27. https://doi.org/10.1080/15548627.2023.2186112.

Vargas JNS, Hamasaki M, Kawabata T, Youle RJ, Yoshimori T. The mechanisms and roles of selective autophagy in
mammals. Nat Rev Mol Cell Biol. 2023;24(3):167-85. https://doi.org/10.1038/541580-022-00542-2.

LiW, Jiang WS, Su YR, Tu KW, Zou L, Liao CR, et al. PINK1/Parkin-mediated mitophagy inhibits osteoblast apop-
tosis induced by advanced oxidation protein products. Cell Death Dis. 2023;14(2):88. https://doi.org/10.1038/
s41419-023-05595-5.

Liu ZZ, Hong CG, Hu WB, Chen ML, Duan R, Li HM, et al. Autophagy receptor OPTN (optineurin) regulates mes-
enchymal stem cell fate and bone-fat balance during aging by clearing FABP3. Autophagy. 2021;17(10):2766-82.
https://doi.org/10.1080/15548627.2020.1839286.

Deng R, Zhang HL, Huang JH, Cai RZ, Wang Y, Chen YH, et al. MAPK1/3 kinase-dependent ULK1 degradation

attenuates mitophagy and promotes breast cancer bone metastasis. Autophagy. 2021;17(10):3011-29. https://doi.

org/10.1080/15548627.2020.1850609.

Zhu L, Wang Z, Sun X, Yu J, Li T, Zhao H, et al. STAT3/mitophagy axis coordinates macrophage NLRP3 inflamma-
some activation and inflammatory bone loss. J Bone Miner Res. 2023;38(2):335-53. https://doi.org/10.1002/jbmr.
4756.

Liu M, Wu X, CuiY, Liu P, Xiao B, Zhang X, et al. Mitophagy and apoptosis mediated by ROS participate in AICI(3)-
induced MC3T3-E1 cell dysfunction. Food Chem Toxicol. 2021;155:112388. https://doi.org/10.1016/j.fct.2021.
112388.

Lin J, Xu R, Shen X, Jiang H, Du S. Metformin promotes the osseointegration of titanium implants under osteo-
porotic conditions by regulating BMSCs autophagy, and osteogenic differentiation. Biochem Biophys Res Com-
mun. 2020;531(2):228-35. https://doi.org/10.1016/j.bbrc.2020.06.146.

Perez-Lozano ML, Cesaro A, Mazor M, Esteve E, Berteina-Raboin S, Best TM, et al. Emerging natural-product-based
treatments for the management of osteoarthritis. Antioxidants (Basel). 2021;10(2):265. https://doi.org/10.3390/
antiox10020265.

Yang S, Sun M, Zhang X. Protective effect of resveratrol on knee osteoarthritis and its molecular mechanisms: a

recent review in preclinical and clinical trials. Front Pharmacol. 2022;13:921003. https://doi.org/10.3389/fphar.2022.

921003.

Page 40 of 41


https://doi.org/10.1074/jbc.M112.377945
https://doi.org/10.1016/j.bbi.2013.03.008
https://doi.org/10.1016/j.bbi.2013.03.008
https://doi.org/10.3389/fimmu.2021.691081
https://doi.org/10.1002/jbmr.4643
https://doi.org/10.1002/jcb.23164
https://doi.org/10.1186/s11658-022-00371-3
https://doi.org/10.7554/eLife.81480
https://doi.org/10.1038/srep09148
https://doi.org/10.1038/srep09148
https://doi.org/10.1161/CIRCRESAHA.117.311401
https://doi.org/10.1007/s12015-022-10370-8
https://doi.org/10.1007/s12015-022-10370-8
https://doi.org/10.3389/fendo.2023.1077058
https://doi.org/10.3389/fcell.2020.603292
https://doi.org/10.1186/s12929-018-0429-1
https://doi.org/10.1002/advs.202204871
https://doi.org/10.1038/ncomms15621
https://doi.org/10.1111/jcmm.14747
https://doi.org/10.1074/jbc.M112.444190
https://doi.org/10.1080/15548627.2023.2186112
https://doi.org/10.1038/s41580-022-00542-2
https://doi.org/10.1038/s41419-023-05595-5
https://doi.org/10.1038/s41419-023-05595-5
https://doi.org/10.1080/15548627.2020.1839286
https://doi.org/10.1080/15548627.2020.1850609
https://doi.org/10.1080/15548627.2020.1850609
https://doi.org/10.1002/jbmr.4756
https://doi.org/10.1002/jbmr.4756
https://doi.org/10.1016/j.fct.2021.112388
https://doi.org/10.1016/j.fct.2021.112388
https://doi.org/10.1016/j.bbrc.2020.06.146
https://doi.org/10.3390/antiox10020265
https://doi.org/10.3390/antiox10020265
https://doi.org/10.3389/fphar.2022.921003
https://doi.org/10.3389/fphar.2022.921003

Riegger et al. Cellular & Molecular Biology Letters (2023) 28:76

290.

292.

293.

294,

295.

Khan NM, Ahmad |, Haqqi TM. Nrf2/ARE pathway attenuates oxidative and apoptotic response in human osteoar-
thritis chondrocytes by activating ERK1/2/ELK1-P70S6K-P90RSK signaling axis. Free Radic Biol Med. 2018;116:159-
71. https://doi.org/10.1016/j freeradbiomed.2018.01.013.

Lang A, Stefanowski J, Pfeiffenberger M, Wolter A, Damerau A, Hemmati-Sadeghi S, et al. MIF does only marginally
enhance the pro-regenerative capacities of DFO in a mouse-osteotomy-model of compromised bone healing
conditions. Bone. 2022;154:116247. https://doi.org/10.1016/j.bone.2021.116247.

Cetrullo S, D’Adamo S, Guidotti S, Borzi RM, Flamigni F. Hydroxytyrosol prevents chondrocyte death under oxida-
tive stress by inducing autophagy through sirtuin 1-dependent and -independent mechanisms. Biochim Biophys
Acta. 2016;1860(6):1181-91. https://doi.org/10.1016/j.bbagen.2016.03.002.

Riegger J, Maurer S, Pulasani S, Brenner RE. Simvastatin and fluvastatin attenuate trauma-induced cell death and
catabolism in human cartilage. Front Bioeng Biotechnol. 2022;10:965302. https://doi.org/10.3389/fbioe.2022.
965302.

Tao S, Chen SQ, Zhou WT, Yu FY, Bao L, Qiu GX, et al. A novel biocompatible, simvastatin-loaded, bone-targeting
lipid nanocarrier for treating osteoporosis more effectively. RSC Adv. 2020;10(35):20445-59. https://doi.org/10.
1039/d0ra00685h.

Marycz K, Tomaszewski KA, Kornicka K, Henry BM, Wronski S, Tarasiuk J, et al. Metformin decreases reactive oxygen
species, enhances osteogenic properties of adipose-derived multipotent mesenchymal stem cells in vitro, and
increases bone density in vivo. Oxid Med Cell Longev. 2016;2016:9785890. https://doi.org/10.1155/2016/9785890.

Publisher’s Note

Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions . BMC

Page 41 of 41


https://doi.org/10.1016/j.freeradbiomed.2018.01.013
https://doi.org/10.1016/j.bone.2021.116247
https://doi.org/10.1016/j.bbagen.2016.03.002
https://doi.org/10.3389/fbioe.2022.965302
https://doi.org/10.3389/fbioe.2022.965302
https://doi.org/10.1039/d0ra00685h
https://doi.org/10.1039/d0ra00685h
https://doi.org/10.1155/2016/9785890

	Oxidative stress as a key modulator of cell fate decision in osteoarthritis and osteoporosis: a narrative review
	Abstract 
	Background
	The cellular antioxidant defense system
	Sirtuins and forkhead box O (FoxO) proteins
	Keap1-Nrf2 pathway
	Hypoxia-inducible factor (HIF)-12α pathway
	Evidence of compromised antioxidant defense in OA and OP patients

	ROS-mediated cell fate decision in OA
	ROS in regulated cell death
	Apoptosis
	Ferroptosis
	Necroptosis
	Pyroptosis

	Role of ROS in SIPS

	ROS-mediated cell fate decision in bone remodeling and fracture healing under physiologic conditions
	ROS-mediated cell fate decision in OP
	Role of ROS in immune cell regulation
	Role of ROS in bone cell fate regulation
	Role of mitochondrial dysfunction and mitophagy in OP

	Oxidative stress and mitochondrial dysfunction as therapeutic targets in OA and OP
	Conclusions
	Acknowledgements
	References


