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Abstract: Aging is an inevitable process in the human body that is associated with a multitude
of systemic and localized changes. All these conditions have a common pathogenic mechanism
characterized by the presence of a low-grade proinflammatory status. Inflammaging refers to all the
processes that contribute to the occurrence of various diseases associated with aging such as frailty,
atherosclerosis, Alzheimer’s disease, sarcopenia, type 2 diabetes, or osteoarthritis. Inflammaging is
systemic, chronic, and asymptomatic. Osteoarthritis and many age-related degenerative joint diseases
are correlated with aging mechanisms such as the presence of an inflammatory microenvironment
and the impaired link between inflammasomes and autophagy. There is a close relationship between
chondrocyte activity and local articular environment changes due to cell senescence, followed by
secretion of inflammatory mediators. In addition, systemic inflammaging can lead to cartilage
destruction, pain, disability, and an impaired quality of life. The purpose of this review is to
summarize the main mechanisms implicated in inflammaging and the connection it has with
degenerative joint diseases.

Keywords: inflammaging; osteoarthritis; chondrosenescence

1. Introduction

It is well known that the aging process is associated with the appearance of various pathologies
such as frailty, atherosclerosis, Alzheimer’s disease, sarcopenia, type 2 diabetes, or osteoporosis [1,2].
All these conditions have a common pathogenic mechanism characterized by the presence of a
low-grade proinflammatory status (Figure 1).
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Figure 1. This figure depicts the main mechanisms implicated in inflammaging, as well as the main
associated diseases with this process. Inflammation is characterized by the presence of systemic low-level
inflammation due to the excess secretion of cytokines with a proinflammatory role. Along with these,
the aging of the body also presents an imbalance of the immune system that leads to up-regulation of
immune responses. Older age also shows a decrease in apoptotic processes. All of these mechanisms
seem to be incriminated in the pathology of age-related disorders such as accelerated atherosclerosis,
constitutional sarcopenia and frailty, type 2 diabetes, or rheumatic diseases such as arthrosis or osteoporosis.

The term “inflammaging” was first used in 2000 by Franceschi [3] and refers to all the processes
that contribute to the occurrence of various diseases associated with aging. Inflammaging represents a
low-grade inflammatory status and together with the up-regulation of the immune response, as well
as with the remodeling of apoptosis, contributes to these age-related disorders [3]. Inflammaging is
systemic, chronic, and asymptomatic. Osteoarthritis and many age-related degenerative joint diseases
are correlated with aging mechanisms such as the presence of an inflammatory microenvironment and
the impaired link between inflammasomes and autophagy [4].

2. The Link between Aging and Articular Cartilage

Articular cartilage is a thin connective tissue that covers the surfaces of the joints. Cartilage
is composed of specialized cells called chondrocytes that produce a large amount of collagenous
extracellular matrix, rich in proteoglycan and elastin fibers. Chondrocytes derive from chondroblasts
that are trapped in lacunae and mature in chondrocytes. Chondrocyte metabolism responds to both
mechanical (mechanical load, hydrostatic pressure changes) and chemical stimuli (growth factors,
cytokines). Because of the lack of blood vessels and progenitor stem cells, the capacity of self-repair of
the articular cartilage is limited [5].

A recently published study has highlighted the changes in articular cartilage in the situation of
in vitro monolayer culture. Significant changes in cell phenotype have been observed. Cells modification
of the normal shape with a flattened one, altered secretory capacity and synthesis of collagen type X has
been noted. Furthermore, a decrease in specific secretion products such as glycoproteins, proteoglycans,
or type II collagen was highlighted. All of these changes have been attributed to the “stress responses”
induced by cultivation conditions [6].

Aging is responsible for the senescence of chondrocytes and for the specific modifications that
appear in the structure of the cartilage [7] with the main changes being listed in (Figure 2).

As we know, the incidence of osteoarthritis (OA) increases proportionally with age, but we can’t
consider it a direct consequence of aging [8]. The term “chondrosenescence” refers to all “age-dependent
deterioration of chondrocytes as a consequence of replicative (intrinsic) and stress-induced [extrinsic]
factors” [9]. There is a strong correlation between inflammaging, the presence of inflammasomes,
autophagy, and chondrosenescence (Figure 2) [9,10].

The main changes at the articular cartilage level due to the aging process are represented
in Figure 2, with respect to the modifications over chondrocytes, collagen, proteins, and keratin
sulfate/chondroitin sulfate ratio together with changes in cellularity, elasticity, solubility, and the
presence of dehydration.

Moreover, the cartilage suffers from changes in blood flow and, secondarily to this, from the
modifications in chondrocyte activity, overall leading to joint cartilage destruction (Figure 3).
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Figure 2. Main changes in articular cartilage due to aging process. Aging is responsible for the
senescence of chondrocytes and for the specific modifications that appear in the structure of the
cartilage. The anabolic processes are slowed down, and the catabolic ones accelerated. Significant
changes in cell phenotype have been observed. Cells modification of the normal shape with a flattened
one, altered secretory capacity and synthesis of collagen type X has been noted. A decrease in specific
secretion products, such as glycoproteins, proteoglycans or type II collagen, was also highlighted.
The aging of articular cartilage is characterized by a decrease in cellularity, dehydration, decreased
elasticity and solubility, and decreased proteoglycan molecule sizes. On the other hand, an increase in
chondrocyte size, cartilage stiffness, protein content and glycosylation products were observed.
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Figure 3. Vascular impairment leading to a disruption in chondrocyte activity and the subsequent
destruction of joint cartilage. It has been shown that decreased blood flow results in poor nutrition,
as well as the disruption of chondrocyte function and fluctuating oxygen levels promoting a
pathological augmentation in metabolic activity [11,12]. In addition, in cases of prolonged hypoxia,
chondrocytes release high amounts of proinflammatory cytokines and reactive oxygen species (ROS),
which contribute to the development of a proinflammatory microenvironment [13]. Chondrocyte
telomere instability as well as apoptosis may also be bolstered by the presence of ROS [14]. Moreover,
oxidative stress induces a reduction of extracellular matrix (ECM) components by chondrocytes, leading
to an alteration of cartilage structure and the subsequent decline of the tissue’s mechanical properties,
with the appearance of fissures and fragmentation [15].
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3. Mechanism of Inflammaging and Implications in OA

The mechanisms of inflammaging are not fully understood. However, current data supports its
multifactorial etiology, including increased number of proinflammatory cytokines, oxidative stress,
immunosenescence, autophagy, or cellular DNA damage, further detailed in Figure 4 [1,3,4].

Ageing has consequences that lead to changes in the immune system, referred to as
immunosenescence, and attributed to evolution on the one hand but also related to a chronic antigenic
load that promotes pathologies with an inflammatory common ground, as recent theories describe.

proinflammatory
cytokines

DNA damage oxidative stress

Inflammaging

autophagy immunosenescence

Figure 4. The main multifactorial mechanisms related to inflammaging. The aging process of the
body is complex, influencing numerous cellular, immunological, and even genetic mechanisms. Thus,
a proinflammatory status characterized by an excess secretion of proinflammatory cytokines such as
interleukins (-1, -4, -6, -15), alpha tumor necrosis factor, or gamma interferon was revealed. Along with
this inflammatory phenotype, an increase in the oxidative stress has been highlighted, which results in
the accumulation of oxygen metabolites. Furthermore, in the aging process, there is a decrease in the
autophagy capacity, which determines pronounced proinflammatory responses and mitochondrial
damage. DNA damage response is directly related to telomere shortening and favors proinflammatory
status through its action on stem cells, fibroblasts, or macrophages, thus exacerbating the phenomenon
of inflammaging.

Systemic low-grade inflammation is the main pathogenic factor for chronic disorders related to
aging, including OA [16,17]. Data from the literature highlighted increased levels of IL-6 and C-reactive
protein (CRP)in patients with knee OA and correlated them with the progression of the disease [18,19].
Other studies demonstrated a relationship between the levels of proinflammatory cytokines and
physical symptoms such as articular functionality or the level of the pain [20-23]. In older cases with
knee OA, physical mobility decreased directly proportional to the increase of soluble receptors for
TNF« [24]. Furthermore, elevated levels of CRP and TNFx have been associated with higher pain
levels in patients with knee arthritis [25].

Research conducted on cultures of articular chondrocytes from older patients highlighted
increased levels of IL-7 [26] and IL-1§3 [27] compared to young adults or age-matched normal controls.

Senescent cells from the articular cartilage have the ability to develop a senescence-associated
secretory phenotype, which includes growth factors, chemokine, matrix metalloproteinase (MMP),
and a lot of inflammatory cytokines [28]. This inflammatory environment is conducive to developing
OA, being found in affected cartilage or in the synovial fluid [29].

Intrinsic factors in the aging process in association with extrinsic factors such as mechanical
overload or different chemical stimuli act on articular cartilage. As a consequence, an inflammatory
environment characterized by increased proinflammatory cytokines, chemokine, and activated
proteinase occurs locally. All these lead to the aging process of chondrocytes (chondrosenescence),
which favors the appearance of degenerative joint modifications (Figure 5).
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Figure 5. Mechanisms of osteoarthritis in aging. The incidence of osteoarthritis increases proportionally
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with age, but it cannot be considered a direct consequence of aging. The term “chondrosenescence”
refers to all “age-dependent deterioration of chondrocytes as a consequence of replicative (intrinsic)
and stress-induced (extrinsic) factors”. Intrinsic factors refer to the aging process, while extrinsic factors
include physical-mechanical factors or different chemical stimuli. All these factors act on articular
cartilage, making it vulnerable. As a consequence, an inflammatory environment characterized by
increased proinflammatory cytokines (TNFe, IL-6,-7,-1f3), chemokine, and activated proteinase occurs
locally. All these lead to the aging process of chondrocytes (chondrosenescence), which favors the
appearance of degenerative joint modifications.

Senescent cells have a particular phenotype characterized by the formation of senescence-
associated heterochromatin, by high expression of cyclin-dependent kinase inhibitor (p16INK4a), and
senescence-associated 3-galactosidase [30,31]. It has also beendemonstrated that senescence-associated
-galactosidase is only present in OA samples compared with normal cartilage from older patients
having hip fractures [32]. An increased level of cyclin-dependent kinase inhibitor, together with high
DNA damage and telomere length reduction, were found in aging chondrocytes from OA cartilage [33].

One study highlighted that telomere length reduction in peripheral leucocytes was correlated
with radiological signs of hand OA [34]. In addition, it seems that free oxygen radicals and oxidative
stress can cause DNA damage and shortening of telomeres [35].

Data published by Forsyth et al. demonstrated increased secretion of MMP-13 in chondrocytes
from older adults compared to young adults [28]. MMP-13 is a major mediator regarding the cleavage
of type II collagen. Thus, in the urine of patients over 50 years old, high levels of degradation products
of type II collagen have been found [36].

Besides all these data, aging of chondrocytes is also characterized by a decrease in anabolic and
proliferative response to cell growth factors such as transforming growth factor-beta (TGF-(3), platelet
derived growth factor (PDGF), or insulin-like growth factor-I (IGF-I) [37]. In addition, at the level of
aging chondrocytes, the synthesis of proteoglycans determined by morphogenic protein-6 (BMP-6) is
decreased [38].

The main changes occurring at the level of aged chondrocytes that are directly involved in the
process of degradation of articular cartilage and in the onset of OA are presented in Table 1.
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Table 1. Characteristics of chondrosenescence.

Senescent Chondrocytes References

formation of senescence-associated heterochromatin [30]

Increase of:

expression of cyclin-dependent kinase inhibitor (p16INK4a) [30-32]

expression of senescence-associated (3-galactosidase [30,32]
telomere length reduction [34]
free oxygen radicals, 1" oxidative stress [35]
Matrix Metallopeptidase 13 (MMP-13) [28,36]
Decrease of:

transforming growth factor-beta (TGF-§3) [37]
platelet derived growth factor (PDGF) [37]
insulin-like growth factor-I (IGF-I) [37]
synthesis of proteoglycans [38,39]

Specialized studies speak of the existence of a medical interdisciplinary specialty called
“geroscience” that examines the link between biological processes in aging and various diseases
such as OA [40]. In OA, the primary role is attributed to local or systemic low-grade systemic
inflammation [26,41,42]. Along with low-grade inflammation, other mechanisms of aging like
mitochondrial dysfunction, genomic instability, telomere shortening, oxidative stress, autophagy;,
cellular senescence, or altered intercellular communications have been proposed to be an integral part
of the pathophysiology of aging-related diseases [43].

3.1. Prolnflammatory Cytokines

Low-grade inflammatory status refers to an imbalance between pro- and anti-inflammatory cytokines
(Figure 6). The most important proinflammatory cytokines involved in the process of inflammaging
are tumor necrosis factor « (TNFx), interferon vy (IFNy), and interleukins (IL)—IL-1, IL-6, IL-15, IL-18,
respectively [44]. These molecules can have pleiotropic effects, stimulating immune reactions.

The most important cytokine in age-related disorders seems to be IL-6, being associated with
chronic morbidity, mortality, and disability [45,46]. Furthermore, studies proved that IL-6 can be
considered a predictive marker of inflammaging [46], being called the cytokine of geriatricians [47].

High levels of proinflammatory cytokines including IL-6, IL-1, and TNF« have a crucial role in the
aging process by creating an inflammatory environment in most of the organs and body tissues [48].
A study that included old horses highlighted increased levels of TNF«, IL-15, IL-18, and IL-1f3 in
peripheral blood samples [49].

The fragility, due to the overproduction of proinflammatory cytokines, associated with physical
inactivity, hormonal changes, and diet deficiencies, causes a favorable environment for the appearance
of osteopenia and sarcopenia [50].

Data from the literature sustain the role of genetical changes in this susceptibility to inflammaging.
The polymorphisms in the promoter C/G 174 on the IL-6 gene is related to immune-inflammatory
responses and affect serum IL-6 concentrations [51]. Furthermore, the polymorphism of toll-like
receptor 4 and of IL-10 can influence the inflammatory mechanisms [52]. The association of low levels
of IL-10 with increased levels of IL-6 can improve the ability to fight pathogens [53].

Although it is still unclear, it seems that the shortening process of the telomeres is affected and
associated with systemic inflammation in older people. A study which included 1962 participants
demonstrated that a shorter telomere length was correlated with an increased level of TNF & and
IL-6 [54]. Other studies however, found that the correlation between shorter telomeres and increased
levels of IL-6 becomes non-significant when other factors such as age, gender, diet, or income were
included in the analysis, or that high levels of CRP were not accompanied necessarily by shortening of
the telomeres [55,56].
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Figure 6. Modifications related to anti-inflammatory and proinflammatory cytokines in the process
of inflammaging. Aging is associated with the presence of a low-grade proinflammatory status
that maintains all other pathogenic processes. Thus, studies have shown that the most important
proinflammatory cytokines involved in the process of inflammaging are tumor necrosis factor « (TNF«),
interferon vy (IFNvy), and interleukins (IL)—IL-1, IL-6, IL, IL-15, and IL-18 [5]. IL-6 can be considered
a predictive marker of inflammaging, being called the cytokine of geriatricians. The polymorphisms
in the promoter C/G 174 on the IL-6 gene is related to immune-inflammatory responses and affects

serum IL-6 concentrations.

These three processes are the main mechanisms involved in the pathogenesis of the aging
process characterized by a low-grade systemic inflammation. Thus, we can support the view that
proinflammatory status characterized by a high titer of proinflammatory cytokines, along with genetic
susceptibility, corroborated with the shortening process of the telomeres, lead to the process of

inflammaging (Figure 7).

 pro-
inflammatory
cytokines

genetic inflammaging

susceptibility
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process of the
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Figure 7. The link between proinflammatory cytokines, genetic susceptibility, and DNA changes
that occurs with inflammaging. The etiology of immunosenescence includes genetic, environmental,
and immune factors. The damage of innate immunity refers to monocytes, neutrophils, natural killer,
and dendritic cells and is characterized by the reduction of phagocytosis and superoxide production.
The damage of acquired immunity includes B and T lymphocytes and determines thymus atrophy,
increased proinflammatory cytokines, and autoreactivity. High levels of proinflammatory cytokines
including IL-6, IL-1, and TNF« have a crucial role in the aging process by creating an inflammatory
environment in most of the organs and body tissues. Systemic low-grade inflammation can determine stem
cell aging through the activation of the signaling pathways (NF-kB, TOR, JAK/STAT). An important role
in the process of replicative senescence and age-related diseases belongs to DNA damage response, which
is directly related to telomere shortening. DNA damage response favors proinflammatory status through
its action on stem cells, fibroblasts, or macrophages, thus exacerbating the phenomenon of inflammaging.
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Both the progression and debut of OA seems to be linked to cytokines. In the synovial fluid
proinflammatory cytokines accumulate together with anti-inflammatory ones forming a combination
entitled cytokine network that can modulate the process of degradation of the cartilage matrix [57,58].

Recent publications, especially proteomic studies of synovial fluid, have identified
interleukin-17 [59] to be associated with OA development. Moreover, interleukin-18 and metabolomics
profiling indicates that OA could be divided into different subgroups metabolically [60]. Similarly,
interleukin-37 also known as IL 1F7, is associated with OA disease activity being correlated with
the suppression of proinflammatory cytokine production such as IL-13, TNF-«, and IL-6, at the
synovial cell level [61]. Possible novel therapeutic targets could be discovered if we take into account
other inflammatory, anti-inflammatory, and modulatory cytokines associated with OA rather than the
presence of IL-1 and TNF-«, which often show poor correlation with the osteoarthritic joint [58].

3.2. Oxidative Stress

Oxidative damage through the accumulation of reactive oxygen species (ROS) leads to what is
believed to be a remodeling of the immune system to which the body tries to adapt, but in failing to do
so, as is the case of elderly patients, predisposition to chronic inflammatory conditions appears [3].

Data sustain the link between oxidative stress, inflammaging, and immunosenescence [62,63].
Mitochondria are considered to be a source of oxygen metabolites during oxidative phosphorylation.
The accumulation of the metabolites of oxygen can determine the damage of nucleic acids, proteins,
or lipid membranes, inducing apoptotic mechanisms and deoxyribonucleic acid (DNA) damage,
especially increasing the risk of cancer [47,64].

There is a relation between the function of immune cells and the redox state. High levels of
antioxidants can decrease the oxidative stress and slow down the aging process [65,66]. Directly
related to this, the literature speaks about the oxidation-inflammatory theory of aging [67].

The accumulation of oxygen metabolites could accelerate the process of cellular aging and increase
apoptosis by decreasing the adenosine triphosphate (ATP) levels and increasing the porosity of the
cellular membranes [68].

Aging of the body is associated with an increase in the oxidative phosphorylation process,
which results in the accumulation of oxygen metabolites. Reactive oxygen species include peroxides,
superoxide, hydroxyl radical, singlet oxygen, and alpha-oxygen. All of these have important roles
in cell signaling and homeostasis processes. The most important harmful effects of reactive oxygen
species on the cell are damage of DNA or RNA, oxidations of polyunsaturated fatty acids in lipids
(lipid peroxidation), oxidations of amino acids in proteins, and oxidative deactivation of specific
enzymes by oxidation of co-factors.

Oxidative stress is also responsible for accelerated apoptosis and cellular damage, which in turn
leads to the emergence of various pathologies associated with aging (Figure 8).

Due to the avascular characteristic of articular cartilage, synovial fluid, and subchondral bone
provide oxygen, nutrients, and antioxidants to chondrocytes by diffusion [44,69]. Studies proved
that anaerobic conditions occurring in vascular diseases are the first step in the development of
osteoarthritis [70]. In the case of prolonged hypoxia, chondrocytes secrete elevated levels of reactive
oxygen species such as nitric oxide, hydrogen peroxide, or peroxynitrite [11,71]. Experimental studies
revealed high levels of nitric oxide in OA cartilage, which has the property to stop extracellular matrix
formation [72].

Nitric oxide (NO) is synthesized by different NO synthases (NOS) through the oxidation of the
guanidino nitrogen of L-arginine. Endothelial, mitochondrial, and neural NOs are inducible and have
a positive role in metabolic processes [73]. It seems that inducible NOS (iNOS) have an important
role in OA because their inhibition is associated with stopping the loss of glycosaminoglycans in joint
diseases [74,75]. An important role in the pathogenesis of OA has been assigned to neuronal NOS
whose activity has been shown to be elevated in chondrocytes [76].
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Figure 8. Representation of mitochondrial changes due to increased oxidative phosphorylation with
respect to DNA modification and apoptosis linked to the theory of aging. Mitochondrial dysfunction
plays an essential role in the appearance of low-level systemic inflammation that characterizes aging
processes. Aging of the body is associated with an increase in the oxidative phosphorylation process,
which results in the accumulation of oxygen metabolites. Reactive oxygen species include peroxides,
superoxide, hydroxyl radical, singlet oxygen, and alpha-oxygen. All of these have important roles
in cell signaling and homeostasis processes. The most important harmful effects of reactive oxygen
species on the cell are damage of DNA or RNA, oxidations of polyunsaturated fatty acids in lipids (lipid
peroxidation), oxidations of amino acids in proteins, and oxidative deactivation of specific enzymes
by oxidation of co-factors. All these structural and genomic changes cause an increase in apoptotic
processes and affect genetic transcription, leading to shortening of telomeres.

A recently published study analyzed the effect of inhibition of selective inducible nitric oxide
synthase and neuronal nitric oxide synthase inhibitors on cartilage regeneration. The study included
27 Wistar rats which had saline solution, neuronal nitric oxide synthase inhibitor 7-nitroindazole,
inducible nitric oxide synthase inhibitor aminoguanidine, or nitric oxide precursor L-arginine) injected
into the knee. After 21 days, the histopathological examination confirmed the positive effect of selective
neuronal nitric oxide synthase inhibition on the regeneration of cartilage [77].

Another recent review supports the importance of iNOS in OA development [78]. The authors also
made a classification of iNOS inhibitors according to the mechanism of action as follows: structures
that interact with calmodulin/flavine cofactors, inhibitors interacting directly with the heme, inhibitors
of arginine-binding sites, and drugs that mimic tetrahydrobiopterin cofactor [78,79].

In OA cases, oxidative stress is not limited to destroying articular cartilage and chondrocytes but
also affects the extracellular matrix, especially proteoglycans and collagen fibers. Oxygen reactants
can cause structural changes in proteins, can modify their activity, and favor the accumulation of
cellular debris, thus inducing and maintaining inflammation [11,72]. Oxidative stress can modulate
catabolic and anabolic signaling pathways, leading to overproduction of MMP and inflammatory
cytokines, and, on the other hand, to the decline in production of extracellular matrix and growth
factor expression [80].

Oxidative stress plays an important role in the development of degenerative joint changes,
especially in prolonged hypoxia conditions. Reactive oxygen species act both directly on chondrocytes,
favoring cell death or hyperproduction of inflammatory factors, as well as on the extracellular matrix,
inhibiting its production and accentuating the destruction. The process of osteoarthritis is characterized
by the increase of catabolic processes followed by the decrease of the anabolic ones (Table 2).
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Table 2. Oxidative stress, aging and osteoarthritis.

Increase in Oxidative Stress Leads to

Acceleratedcatabolic Processes with Increase in Slowed Anabolic Processes with Decrease in

proinflammatory cytokines extracellular matrix
MMP growth factor expression
accumulation of cellular detrudes protein synthesis
apoptosis DNA synthesis

3.3. Immunosenescence and DNA Damage

The definition of cellular senescence refers to the mechanism that leads to an irreversible loss of the
proliferation of somatic cells [81]. Furthermore, experimental studies demonstrated that senescent cells,
though a precise pathway which involves the release of certain mediators and the stop of proliferative
activity, can determine their clearing and tissue regeneration [82,83]. This process is affected in old
tissues, leading to the accumulation of these senescent cells [84].

Senescent cells have an important role in aging through the secretion of matrix-degrading proteins
and proinflammatory cytokines, which is called “senescence-associated secretory phenotype” [85].

The etiology of immunosenescence includes genetic, environmental, and immune factors.
The damage of innate immunity refers to monocytes, neutrophils, and natural killer and dendritic
cells and is characterized by the reduction of phagocytosis and superoxide production. The damage
of acquired immunity includes B and T lymphocytes and determines thymus atrophy, increased
proinflammatory cytokines, and autoreactivity [86].

On the other hand, systemic low-grade inflammation can determine stem cell aging through
the activation of the signaling pathways (NF-«xB, TOR, JAK/STAT) [87]. Senescent cells can have a
negative effect on NF-«B activity only in cells actively involved in inflammation [88]. This is possible
due to the ability of senescent cells to express two microRNAs (mir-146a, mir-146b) [89]. All of these
take part in the secretion of an increased amount of proinflammatory cytokines, which, in turn, affects
the differentiation and function of stem cells, causing, in the end, their aging [90].

The number of the senescent cells increases during lifetime. This numerical growth is possible
through two mechanisms: either production is faster than disposal, or there is an incomplete
clearance [91,92]. The incidence of senescent cells in aged human bodies is estimated to be between 1%
to 15%, depending on the studied tissue [89]. A direct link between senescent cells and age-related
systemic diseases [atherosclerosis, osteoarthritis] has been demonstrated by in vivo studies that have
revealed these cells in the affected tissues [32,93].

An important role in the process of replicative senescence and age-related diseases belongs to
DNA damage response, which is directly related to telomere shortening [92]. DNA damage response
favors proinflammatory status through its action on stem cells, fibroblasts, or macrophages, thus
exacerbating the phenomenon of inflammaging [94,95].

Figure 9 schematically illustrates all the mechanisms that determine the phenomenon of
immunosenescence leading to various systemic disorders strictly related to aging process of the organism.

Aging is associated with structural and functional changes both in the articular cartilage
and other anatomical structures such as the synovial membrane, the subchondral bone, or the
periarticular tissues (muscles, ligaments, tendons) [96]. The articular cartilage gradually loses its
secretory and proliferative capacity but maintains its ability to secrete matrix degrading enzymes and
proinflammatory cytokines, thus achieving a senescent secretory phenotype [97]. Moreover, studies
have highlighted senescence-associated (3-galactosidase (SA-f3-gal) staining only in OA cartilage [32].

Senescence-associated secretory phenotype participates in maintaining local and systemic
low-grade inflammation and is made of chemokines, growth factors, proinflammatory cytokines,
and matrix metalloproteinases [29]. The vast majority of senescence-associated secretory phenotype
components were found in synovial fluid or in synovial membrane in patients with OA [97-99].
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Figure 9. The mechanism of age-related disorders. Senescent cells have an important role in aging
through the secretion of matrix-degrading proteins and proinflammatory cytokines, which is called
“senescence-associated secretory phenotype”. The number of senescent cells increases during lifetime.
This numerical growth is possible through two mechanisms: either production is faster than disposal,
or there is an incomplete clearance. Furthermore, senescent cells, though a precise pathway that
involves the release of certain mediators and the stop of proliferative activity, can determine their
clearing and tissue regeneration. This process is affected in old tissues, leading to the accumulation
of these senescent cells. A direct link between senescent cells and age-related systemic diseases
(atherosclerosis, osteoarthritis, cancer, sarcopenia, Alzheimer’s disease) has been demonstrated by
in vivo studies that have revealed these cells in the affected tissues.

An important role in the development of cellular senescence is assigned to DNA damage and
activation of p38 MAP kinase [100]. In OA cartilage, studies have demonstrated the presence of
chondrocytes sharing DNA damage, as well as an increased expression of p16 INK4a (cyclin-dependent
kinase inhibitor) [34,101]. The increased expression of p16 INK4a then activates pRB tumor suppressor,
a mechanism by which cell proliferation is regulated through the formation of senescent-associated
heterochromatin foci [102].

3.4. Autophagy

Autophagy is a cellular mechanism which maintains normal function and homeostasis of the
cells through removal of abnormal substances via lysomal degradation [103]. This process stops
inflammasome accumulation, thereby reducing systemic inflammation and increasing longevity.

In the aging process there is a decrease in the autophagy capacity which determines pronounced
proinflammatory responses and mitochondrial damage [10]. Lysosome damage increases oxidative
stress by increasing the reactive oxygen species, which activates the inflammatory cascade
characterized especially by high levels of proinflammatory cytokines such as IL-18 or IL-1§3 [10].

Autophagy defects are associated in the elderly with accumulation of adipose tissue around and
within the organs. Many of the adipokines play a proinflammatory role. Leptin, a highly studied
adipokine, has endocrine and paracrine roles [104]. Leptin plays an important role in inflammation by
stimulating the production of proinflammatory cytokines, by activating natural killer lymphocytes,
or by activating monocytes and transforming them into macrophages [105].

The decrease in autophagy contributes to the inflammation, especially through direct participation
in the formation of the proinflammatory state. On the one hand, it stimulates the oxidative stress by
mitochondrial damage and, on the other hand, favors the formation of adipokines with an important
role in inflammation. A vicious circle is formed, in the center of which there is low grade systemic
inflammation, the pillar of subsequent changes associated with various systemic disorders (Figure 10).

Autophagy is an important cellular homeostatic mechanism implied in the removal of altered or
dysfunctional organelles and macromolecules, being increased by different types of stresses [106,107].
In chondrocytes and cartilage affected by OA, autophagy processes are at high levels in order to
regulate changes in OA-like gene expression by modulation of apoptosis and reactive oxygen species,
especially during the initial degenerative phase [108]. Autophagy has a cytoprotective effect for
articular cartilage, osteoarthritis being associated with a decreased autophagy [107], which in turn leads
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to the accumulation of destructive macromolecules and determines the loss of the extracellular matrix
(ECM), cell dysfunction, and death. Animal studies have indicated that the activation of autophagy
can prevent cartilage from mechanical damage in OA [109]. Because it has been demonstrated that
mTOR decreases autophagy targeting the mTOR signaling pathway results in increased autophagy
signalling and secondary reduces apoptosis, articular cartilage degradation, and synovial fibrosis thus
protecting from osteoarthritis [110].

M pro-inflammatory
responses
N oxidative stress

J autophagy

V,,v;__f " adipokines
X N systemic inflammation
S

Figure 10. Autophagy, aging process, and systemic low-grade inflammation. In the aging process there
is a decrease in the autophagy capacity, which determines pronounced proinflammatory responses and
mitochondrial damage. The decrease in autophagy contributes to the inflammation, especially through
direct participation in the formation of the proinflammatory state. It stimulates the oxidative stress by
mitochondrial damage and favors the formation of adipokines with an important role in inflammation.
Lysosomal damage increases the oxidative stress by increasing the reactive oxygen species, which
activates the inflammatory cascade characterized especially by high levels of proinflammatory cytokines
such as IL-18 or IL-1p3. Furthermore, autophagy defects are associated with accumulation of adipose
tissue. Many of these adipokines own a proinflammatory role.

3.5. Cellular Apoptosis

Apoptosis represents a programmed cell death [111], which has an important role in many chronic
disorders including OA. The link between apoptosis and arthritis was highlighted in a study that
showed the phagocytosis of aged neutrophils by macrophages [112]. Since this study, many others
have shown an increase in apoptosis, especially in patients with rheumatoid arthritis [113,114].

Moreover, when apoptosis is affected it leads to the accumulation of dysfunctional cells, reducing
the immunological space and thus promoting cancers or infections, which could otherwise be reduced
through the correct modulation of the immune system [4].

With aging, studies showed a decrease in the number of chondrocytes in the articular cartilage,
this chondrocyte death being closely related to accelerated apoptosis [114]. Data proved that in the case
of transgenic mice lacking collagen type II there is an increase in the phenomenon of apoptosis [115].
Other authors have stated that there is an anatomical association between extracellular matrix depletion
and cellular apoptosis, and these are related to mechanical stress at the joint [116].

Studies are talking about an “unusual apoptosis” in chondrocytes because these cells suffer
morphological and structural changes such as nucleus fragmentation or chromatin condensation [117].
This particular apoptosis of chondrocytes carries the name of “chondroptosis” in the literature.
The main characteristics of chondroptosis are increased number of primary lysosomes and Golgi
systems, the presence of autophagic vacuoles, and many cellular components in lacunae and
extracellular matrix [118].

OA is a degenerative disorder characterized by extracellular matrix lesions such as collagen fiber
degradation and decreased proteoglycan synthesis. All this affects the attachment of chondrocytes to
the extracellular matrix, which leads to the acceleration of apoptosis [119]. Moreover, in this process,
integrin blocking also accelerates cartilage degradation [120].
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Other factors involved in the occurrence of OA and apoptosis of chondrocytes are the granzyme B
that induces apoptosis with the help of perforin, both being released from granules of cytotoxic cells [121].

MAC (membrane attack complex) also favors the increase of local inflammation and the activation
of degrading enzymes such us MMP [122].

Cellular apoptosis is a very well controlled process in the body, having an important role
throughout life. Initiation of apoptosis can be made using two pathways. The intrinsic pathway
is based on cellular stress and intracellular signals that cause initiation of programmed cell death,
while the extrinsic pathway refers to signals received from other cells [123,124]. Both mechanisms
eventually trigger caspase activation.

The intrinsic pathway may be called the mitochondrial pathway, being closely related to
mitochondrial proteins from the intermembrane space [125]. Mitochondrial changes can be expressed
either by increasing membrane permeability or by membrane pore formation which may lead to
mitochondrial swelling [126]. Nitric oxide has an important role in the induction of apoptosis by
increasing the mitochondrial membrane permeability, acting on the membrane potential [127].

Mitochondrial proteins (SMACs—second mitochondria-derived activator of caspases) can bind IAPs
(inhibitors of apoptosis) leading to their deactivation, activation of caspases, and further apoptosis [128].
Moreover, the MAC (mitochondrial apoptosis-induced channel) releases the cytochrome c that forms
the apoptosome binding with Apaf-1 (apoptotic protease activating factor-1) and pro-caspase-9 [129].
Anti-apoptotic genes such as Bcl-2 family that encode numerous proteins can have a direct action on the
MAC. Thus, the genes were divided into two categories: pro-apoptosis —BAX, BID, BAK, or BAD and
against apoptosis—Bcl-2, Bcl-X1, or Mcl-1 [130].

The extrinsic mechanism of apoptosis is based on the binding of extracellular ligands with different
membrane receptors, which results in DISC (death-inducing signaling complex) formation [125].
This extrinsic mechanism refers to two major cellular pathways: TNF path and Fas path [131].

TNFa is considered to be the major extrinsic mediator of apoptosis. The binding between TNFax
and TNFR1 causes caspase activation and initiation of apoptosis [132]. On the other hand, Fas ligand
(FasL) binds to Fas receptor, causing DISC formation and activation of caspases 8 and 10. In this way,
the cellular apoptosis process is initiated [131].

Caspases have a central role in apoptosis. They can be divided into two categories: initiator
caspases (caspase 2,8,9,10,11,12) and effector caspases (caspase 3,6,7). Activation of these caspases
occurs in the cascade and acts through degradative enzymes. Not all apoptotic processes are dependent
on caspase activation; there are also AIF (apoptosis-inducing factor)-controlled pathways [133].

4. Conclusions

Aging is an inevitable process in the human body which is associated with a multitude of systemic
and localized changes. All these conditions have a common pathogenic mechanism characterized by
the presence of a low-grade proinflammatory status. As we have previously seen, inflammaging has a
multifactorial aetiology including an increased number of proinflammatory cytokines, oxidative stress,
immunosenescence, autophagy, or cellular DNA damage. The incidence of OA is steadily increasing,
especially among the elderly. The mechanism of articular cartilage degeneration is not necessarily the
consequence of aging, but aging is considered to be a risk factor for the occurrence of OA. There is a
close relationship between chondrocyte activity and local articular environment changes due to cell
senescence followed by secretion of inflammatory mediators. Furthermore, systemic inflammaging
can lead to cartilage destruction, pain, disability, and an impaired quality of life. Future research and
therapeutic perspectives with respect to longevity should address the pathophysiological mechanisms
underlying inflammaging as well as therapy to improve the capacity of the human organism to adapt
to damaging agents that increase with age.
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Abbreviations

ROS Reactive oxygen species
TNF o Tumor necrosis factor alpha
IFN vy Interferon gamma

IL Interleukins

CRP C reactive protein

DNA Dezoxiribonucleic acid
ATP Adenosine triphosphate

RNA Ribonucleic acid

OA Osteoarthritis

MMP Matrix metalloproteinase

PDGF Platelet derived growth factor

TGEF-p Transforming growth factor beta

IGF-1 Insulin-like growth factor-I

BMP-6 Morphogenic protein 6

pl6INK4a Cyclic-dependent kinase inhibitor

MAC Membrane attack complex

SMACs Second mitochondria-derived activator of caspases
IAPs Inhibitors of apoptosis

Apaf-1 Apoptotic protease activating factor-1

DISC Death inducing signaling complex

FasL Fas ligand
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