
EXPERIMENTAL AND THERAPEUTIC MEDICINE  19:  1626-1632,  20201626

Abstract. Osteoarthritis (OA) and osteoporosis (OP) are 
associated skeletal pathologies and have as a distinct feature 
the abnormal reconstruction of the subchondral bone. OA and 
OP have been characterized as age-related diseases and have 
been associated with telomere shortening and altered telom-
erase activity (TA). This review discusses the role of telomeres 
and telomerase in OA and OP pathologies and focuses on the 
usability of telomere length (TL) and the rate of telomere short-
ening as potential disease biomarkers. A number of studies have 
demonstrated that telomere shortening may contribute to OA 
and OP as an epigenetic factor. Therefore, it has been claimed 
that the measurement of TL of chondrocytes and/or peripheral 
blood cells may be an appropriate marker for the evaluation of 
the progression of these diseases. However, there is a need to 
be perform further studies with larger cohorts, with the aim of 
obtaining objective results and a better understanding of the 
association between TL, inflammation and aging, in order to 
provide further insight into the pathophysiology of degenera-
tive joint diseases.
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1. Introduction

Osteoarthritis (OA) is a joint disease characterized by the degen-
eration of articular cartilage and modifications in subchondral 
bone. Importantly, OA has a complex pathophysiology and 
its presentation is associated with pathologies of manifold 
joint tissues. Primary OA is usually a result of the interac-
tion of genetic and epigenetic factors that remain to be fully 
defined (1,2). However, joint inflammation, obesity, hormonal 
imbalance and a low calcium concentration are strongly associ-
ated with secondary OA (3,4). Importantly, OA and osteoporosis 
(OP) are two skeletal pathologies which are closely associated 
and have as a distinct feature the abnormal reconstruction of 
subchondral bone (5).

OP is one of the most common diseases affecting elderly 
individuals worldwide (6). It is characterized by reduced bone 
mineral density (BMD) and the microarchitectural deteriora-
tion of bone tissue. Based on its etiology, OP is categorized into 
two distinct types, namely type I (postmenopausal) and type II 
(senile) (7,8). In type I OP, the pathology generally develops with 
the estrogen reduction following the onset of menopause which 
causes bone loss. During the progression of type I disease, path-
ological changes of the trabecular bone are the most common. 
On the other hand, type II OP, which usually occurs after the 
age of 70, involves the thinning of both trabecular and cortical 
bone (7,8). Factors associated with the presentation of OP include 
the absence of physical exercise, malnutrition, poor protein 
synthesis and the lack of vitamin C, as well as low menopausal 
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and postmenopausal estrogen secretion (6). Currently, various 
pharmacological options are available for the treatment of OP; 
however, in OA, the management of patients is mostly limited to 
pain reduction and diverse modifications of lifestyle (9). Patients 
with advanced OA may receive non‑steroidal anti‑inflammatory 
drugs (NSAIDs), undergo physical therapy or occupational 
therapy, as well as surgical procedures, including cortisone and 
lubrication injections. At the final stages of the disease, total 
joint replacement or osteotomy are common and are usually the 
only treatment options (10).

2. Aging in OP and OA

Even though OP and OA are clinically distinct pathologies, 
they have many similarities as regards the hallmarks of aging. 
Thus, both pathologies have been characterized as age-related 
diseases, determining the lifestyle of affected patients more 
challenging as compared to a healthy elderly population (6). In 
particular, OA decreases the mobility, productivity and quality 
of life of individuals and leads to an increase in morbidity, as 
well as the use of medication and social welfare expenditures 
that contribute to a substantial socioeconomic burden (8).

The key feature of OA is the presentation of senescent 
cartilage with different histopathological characteristics 
compared to the aging cartilage tissue that is normally present 
in a healthy elderly individual. In aging cartilage, chondrocytes 
exhibit a decreased number and a low ability to proliferate. 
Simultaneously, the synthesis and deposition of extracellular 
matrix (ECM) components, that plays an important role in 
bone homeostasis and pathophysiology (11), is diminished, 
resulting in the gradual thinning of the cartilage layers (12). 
Indeed, it has been demonstrated that alterations in the func-
tion of chondrocytes and the deposition of ECM components 
may weaken the structural properties of articular cartilage and 
render the joint susceptible to OA. Furthermore, the tissues of 
patients with OA exhibit clusters of chondrocytes at the site of 
the lesion with an altered metabolism and an increased ability 
to produce pro‑inflammatory cytokines and matrix‑degrading 
enzymes (12). Thus, the pathogenesis of OA is linked to aging 
through several mechanisms, including inflammation related 
to aging, obesity, senescence, oxidative stress, alterations in 
metabolism, as well as cell signaling due to epigenetic mecha-
nisms. Importantly, chondrocyte senescence contributes to the 
decreased ability of chondrocytes to repair articular cartilage 
tissue (12-14).

OP is a chronic skeletal disease with a high frequency 
worldwide, which has as a main characteristic, the deteriorated 
bone microarchitecture associated with the co-presentation 
of low BMD. However, the pathology is asymptomatic, and 
is associated in the majority of cases with a high risk of bone 
fracture, resulting in significant morbidity and mortality. OP 
related to aging is the most common form of the disease. 
There are several pathways involved in the etiopathogenesis 
of OP, including metabolic, endocrine and mechanical factors, 
whereas chronic inflammation has also been shown to play 
an important role (15). Indeed, the well-established estrogen 
deficiency in postmenopausal women has been shown to 
enhance the release of inflammatory mediators, leading to 
postmenopausal OP. Moreover, the ability of estrogens to 
downregulate receptor activator of nuclear factor-κΒ ligand 

(RANKL) synthesis has been shown in osteoblasts and 
likewise in T- and B-cells (16). Indeed, it is the lack of estrogen 
that, through the enhancement in T-cell activities, induces 
the increased secretion of pro-osteoclastogenic cytokines 
and subsequent osteoclastogenesis (17). Concomitantly, 
immune cells have been recognized as factors contributing to 
the development of osteoporosis (18). Moreover, it has been 
suggested that chronic antigenic load and oxidative stress 
that accumulate with aging cause a low‑grade inflammation 
associated with a decrease in bone formation, as well as 
in bone resorption. These processes together lead to an 
imbalance in bone remodeling and the increased prevalence 
of OP (18).

Oxidative stress is intimately associated with the mecha-
nisms of aging and together with other aging-related factors, 
including inflammation, an altered metabolism, cellular 
senescence and mitochondrial dysfunction, induce gradual 
OA-dependent joint destruction and increased bone fragility 
in OP (19). Reactive oxygen species (ROS) are generated under 
physiological conditions during mitochondria respiratory 
chain activities or through the actions of oxidative enzymes. 
However, upon biological, mechanical or chemical stimulation, 
an imbalance between ROS formation and ROS elimination 
occurs, favoring oxidative damage. This imbalance leads to an 
uncontrolled ROS production that favors pro-oxidant processes 
and oxidative damage (20,21). Importantly, previous studies 
have demonstrated that oxygen free radicals can directly cause 
DNA damage (22), particularly at the guanine-rich end parts 
of chromosomes termed telomeres, the association of which 
with OA, OP and aging is discussed below (23).

3. Role of telomeres and telomerase in aging

Telomeres are specific structures positioned at the end of 
chromosomes that together with specific protein complexes 
bound to them, provide DNA protection (24), ensuring 
genomic stability. Specifically, the repetitive 5'‑TTAGGG‑3' 
sequences of 70 to 100 nucleotides bound to telomeric 
interacting proteins provide a protective cap of the chro-
mosomal DNA, resembling the end of a shoelace. Due to 
the inability of the enzyme DNA polymerase to preserve 
the length of the 3' overhang (the so‑called ‘end replication 
problem’), telomeres are deprived of a small number of 
nucleotides during each mitotic cycle, practically becoming 
shorter and shorter (25). Indeed, the ‘telomere hypothesis of 
cellular aging’ was postulated in 1992 by Harley et al (26), 
and the over the past few years, accumulating evidence has 
indicated that telomere length (TL), which can be affected 
by various lifestyle factors, is associated with aging and the 
onset of age-related diseases (26,27). In particular, stem cell 
dysfunction caused by telomere shortening may be one of 
the mechanisms responsible for aging in both humans and 
mice (9). Of note, a recent study revealed that the administra-
tion of nutraceutical supplements to healthy individuals was 
implicated in TL maintenance (28).

Telomeres are replicated by a specialized ribonucleopro-
tein complex, known as telomerase, that consists of a protein 
component entitled telomerase reverse transcriptase (TERT) 
that serves as a catalytic subunit (29) and an essential telomerase 
RNA component (TERC or RT) (30). Importantly, the enzyme 
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telomerase can reverse telomere shortening, as it contributes 
to sustaining TL. However, it exhibits a high activity only in a 
subgroup of highly proliferating adult somatic cells, e.g., stem 
and progenitor cells, activated lymphocytes, as well as germ-
line cells (31), while in the majority of adult human somatic 
cells, the expression and activity of telomerase is undetectable.

Recently, however, Astragalus membranaceus root and its 
active component, cycloastragenol, has been shown to activate 
telomerase in human somatic cells, in vitro and in vivo (32). In 
agreement with this, de Jesus et al previously demonstrated that 
the TA-65 component from Astragalus membranaceus root 
induced the elongation of short telomeres and the neutraliza-
tion of associated DNA damage, in a telomerase-dependent 
manner (33). In addition to these studies, it has recently been 
demonstrated that specific natural compounds can significantly 
activate telomerase in human peripheral blood mononuclear 
cells in vitro (28).

TL and telomerase activity are strongly associated with 
human health as they have been linked to several age-related 
diseases, such as cancer, cardiovascular disease (CAD), 
diabetes, rheumatoid arthritis and psychiatric disorders (34-38). 
Moreover, previous studies have suggested that female human 
fertility decreases with an increased maternal age and that 
various adverse factors, including reduced telomerase activity, 
can contribute to age-associated infertility in women (39,40). 
Furthermore, Vakonaki et al recently demonstrated the exis-
tence of a link between TL and drug abuse, which ultimately 
results in premature biological aging (41).

Telomere shortening, which is the main cause of 
age-related diseases, can be perpetrated through two distinc-
tive mechanisms (42). According to the first mechanism, 
telomeres physiologically shorten with each cell division, due 
to the end replication problem. Since cells have a pre‑defined 
number of cell divisions, when they reach the stage of criti-
cally short telomeres, they become senescent (43). As regards 
the second mechanism, imbalanced ROS production and 
associated oxidative stress can cause DNA damage to the 
guanine residues of telomeres, inducing the erosion of single 
telomeres (44). In general, DNA damage at the site of telo-
meres caused by various environmental factors triggers a 
DNA-damage response that protects them from instability 
and shortening (44,45). However, if this protective mechanism 
is dysfunctional, telomeres are exposed to several damaging 
agents, leading to their critical shortening.

From all the above, it is clear that the determination of 
TL and its maintenance through intervention, can highly 
contribute to the delay of the aging process and the treatment 
of several age-related diseases, leading to longevity. In that 
context, a distinction between short telomeres and critically 
short telomeres has been achieved, considering the pivotal 
role that the critically short telomeres play in cell homeostasis. 
Based on these findings and developments, the ‘BIOTEL’ 
database was recently created, that is able to calculate a wide 
range of TL statistics, biological age and applications telomere 
biology research (46). The utilization of BIOTEL and similar 
tools will facilitate the analysis and assessment of telomere 
biology data and their application in health care.

The current review focuses on the role of telomeres in OA 
and OP pathologies and discusses the usability of TL and the 
rate of telomere shortening as potential disease biomarkers.

4. Association between telomere length, OP and OA

In an early, milestone study, Oreffo et al demonstrated that the 
number of osteoblast progenitors in the bone marrow (BM) of 
patients with OP, compared to that of age-matched controls, 
was decreased (47). In women, this has been partly attributed 
to age-related alterations in hormone levels, regarding sex 
hormones. In the context of elucidating the association between 
the aging of BM-mesenchymal cells and the development of OP, 
telomere shortening has gained increasing attention. Previous 
studies have demonstrated that the proliferative and osteogenic 
capacity of cultured mesenchymal stromal cells (MSCs) 
isolated from patients with OP was significantly decreased, 
which can be a possible marker of premature aging (48). It 
has been suggested that the decreased proliferative ability of 
MSCs may be due to the overexpression of osteogenic inhibi-
tors in these cells in the case of OP (49,50). More specifically, 
differences have been observed between the mesenchymal 
cell transcriptomes in OP and non-OP aging populations, 
which may be due to epigenetic changes reflecting a specific 
OP‑associated aging process (49,50). These findings are further 
supported by in vivo mouse models, which demonstrated that 
the proliferation-independent dysfunction of telomeres can 
induce an attenuation of osteoblast differentiation in mice with 
accelerated aging (51).

However, even though various studies had examined TL 
and its association with the pathology of OP, there is a great deal 
of inconsistency among them. For instance, in a large cohort 
of unselected women, the blood leukocyte TL was shown to 
be associated with BMD, whereas clinical OP was associated 
with shorter telomeres (52). Another study estimated the TL 
of female patients with OP using the telomere restriction 
fragment (TRF) approach, which revealed a stable decrease 
in TL among the different age groups of patients. Moreover, 
telomere shortening in leukocytes was associated with BMD 
or bone loss, but only after correcting for age, where TL was 
found to be associated with longitudinal bone loss, regarding 
sites in the distal forearm region (53). On the other hand, an 
early study comparing TRFs from peripheral blood length 
(PBL) DNA from female patients with OP and age-matched 
controls did not find any significant alterations (54). Likewise, 
in a separate study, even though age was found to be associ-
ated with both TL and BMD, no significant association was 
observed between TL and BMD. These inconsistencies among 
different studies could be explained by the results of a recent 
study that was performed in a cohort of elderly Chinese female 
and male patients with OP. According to that study, in the case 
of the female patients, age affected the association of TL with 
BMD and OP, but not in the case of the male patients, strongly 
suggesting that the TL predictive role may be sex‑specific (55).

In addition to the above, accumulating evidence demon-
strates that HIV is a significant risk factor for a low BMD and 
fractures due to bone fragility (56). Recently, it was determined 
that in a cohort of women with HIV, there was an associa-
tion between premature spinal bone loss and a shorter TL. In 
summary, further focused studies are required to evaluate the 
association of TL and OP, as well as the feasibility of utilizing 
TL as an OP prognostic index.

As regards OA and its association with TL, patients with 
OA also appear to acquire several abnormalities indicative of 
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premature aging. Indeed, OA-affected chondrocytes tend to 
obtain a senescence-like phenotype (57), a fact that has initi-
ated several attempts to evaluate the putative association of TL 
with the progression of OA. In that context, in a recent study, 
leukocyte relative telomere length (RTL) in patients with knee 
OA was compared to that of healthy controls (58). Additionally, 

possible associations between plasma angiogenic cytokine 
concentrations and leukocyte RTL were examined, indicating 
that TL was shorter in patients with knee OA compared to 
age-matched healthy controls. Notably, plasma hepatocyte 
growth factor (HGF), vascular endothelial growth factor 
(VEGF) and granulocyte-colony stimulating factor (G-CSF) 

Table I. Association of TL with the progression of OA and OP pathologies.

Authors/(Refs.), year Sample demographics Main endpoint TL assay type

Price et al (61), 2002 OA hip patients (n=15) vs. OA Shorter TL in OA patients Southern blot analysis
 knee patients (n=30) vs. healthy (n=11)  
Zhai et al (62), 2006; OA hand patients (n=160) vs. healthy Shorter TL in OA patients Southern blot analysis
Li et al (63), 2012 (n=926)
Valdes et al (52), 2007 OP and BMD in females (n=2,150)  Shorter leukocyte TL is not TRF
 aged 18-79 years associated with decreased 
  BMD or OP 
Sanders et al (71), 2009 Individuals (n=2,750) TL is not associated with BMD, qPCR
 aged 70-79 years with OP or fractures OP, or fractures in older 
  men or women 
Tang et al (72), 2010 BMD in hip in elderly individuals TL was not associated with qPCR
 (n=1,876) either baseline BMD or bone loss 
  over a period of 4 years 
Tamayo et al (64), 2010 OA (n=34) and OP (n=35) vs. healthy No differences observed in OA, qPCR
 individuals (n=130) but a decreased observed TL in OP   
Tamayo et al (65), 2011 OA patients (n=39) and in healthy  OA longer TL in chondrocytes qPCR
 (n=20) individuals in leukocytes and vs. leukocytes; no differences 
 in chondrocytes between TL in chondrocytes and 
  leukocytes in healthy individuals 
Nielsen et al (73), 2015 Samples of the lumbar spine (LS),  TL and BMD were not associated,  qPCR
 femoral neck (FN) and total hip (TH)  but a shorter TL could predict 
 were evaluated in 460 healthy women a lower BMD 
Sibille et al (69), 2017 Women without OA but pain severity Shorter TL women with Southern blot analysis
 (n=136) chronic pain severity 
Poonpet et al (58), 2018 Patients with knee OA Negative associations of qPCR
 vs. healthy controls (n=140) angiogenetic cytokines with RTL 

OA, osteoarthritis; OP, osteoporosis; TL, telomere length; BMD, bone mineral density; TRF, telomere restriction fragment; RTL, leukocyte 
relative telomere length.

Figure 1. Aging is the main reason for the development of osteoarthritis and osteoporosis. ECM, extracellular matrix.
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levels were found to be negatively associated with leukocyte 
RTL. Therefore, that study indicated that high circulating 
angiogenic cytokine levels in the knees of patients with OA may 
reflect high oxidative stress and chronic inflammation, leading 
to subsequent telomere shortening (58). Indeed, overall oxida-
tive stress can expedite telomere shortening either indirectly 
through increase in cell division, or directly acting on DNA 
telomere repeats, suggesting that redox balance is a prominent 
factor that regulates chondrocytes lifespan (59). In 2001, Martin 
and Buckwalter suggested that age-related changes in human 
cartilage chondrocytes may lead to cartilage erosion and osteo-
arthritis (60). Moreover, Price et al, utilizing Southern blot 
analysis, had demonstrated that patients with OA had shorter 
telomeres compared to unaffected chondrocytes in a group of 
15 patients with hip OA, 30 patients with knee OA and a control 
group of 11 patients with no joint diseases (61). Additionally, 
Zhai et al measured relative TL in 160 patients with hand OA 
and in 926 patients without hand OA (62,63). According to this 
study, the affected patients had shorter telomeres compared to 
the control group, suggesting that oxidative stress and inflam-
mation within the affected joints led to telomere shortening 
due to accelerated DNA replication (61). In a separate study, 
Tamayo et al measured the average TL by qPCR in 34 patients 
with OA, in 35 patients with OP and 130 controls, and did 
not detect any differences between the patient and control 
groups (64). In 2011, these authors had estimated TL in human 
chondrocytes and peripheral blood leukocytes in 20 controls 
and 39 patients with knee and hip OA, and it was found that 
chondrocytes from patients with OA exhibited a significantly 
shorter TL when compared to chondrocytes from healthy indi-
viduals. Moreover, in patients with OA, telomeres were 1.6-fold 
longer in chondrocytes compared to leukocytes, indicating the 
existence of a cell‑type specificity regarding TL. This hypoth-
eses was corroborated by data from control subjects, where 
telomeres in chondrocytes were found to be even twice as long 
as telomeres from leukocytes (65). On the other hand, no differ-
ence was detected between the leukocytes and chondrocytes 
of controls, suggesting that the shorter telomeres in leukocytes 
may result from higher frequency of divisions of leukocytes 
compared to chondrocytes. Further supporting this theory, 
articular cartilage is a post-mitotic tissue, indicating that chon-
drocytes do not replicate often and in addition, according to a 
PCR-based assay decreased peripheral blood TL is markedly 
associated with the presentation of hand OA (66,67).

Importantly, the shortening of chondrocyte telomeres 
caused by oxidative stress is a common aging-related process 
strongly associated with the incidence of cellular senescence, 
a finding that may have vast clinical importance in the early 
diagnosis and prognosis of OA. Harbo et al estimated the mean 
TL, the number of short telomeres (<1,500 bp) and the sites 
with senescence relative to the distance of the OA lesion, and 
concluded that all examined markers were highly associated 
with the distance from the lesion site (68). Importantly, the short 
telomere load was found to be a more significant marker for OA 
presentation, compared to the mean TL (68). Even though the 
respective study included only 3 patients with OA, it provides 
evidence that short telomere load of chondrocytes could be an 
important marker for OA diagnosis and prognosis. Based on 
these results, further studies focusing on the measurement of 
short telomere load in a larger dataset are warranted.

Notably, Sibille et al suggested that OA-associated pain 
was a severe stress factor that could affect TL. They measured 
TL in 136 women, aged between 45 and 85 years with or 
without symptomatic OA and categorized the participants 
into 5 groups according to the pain severity. This approach 
revealed that patients with chronic severe pain had shorter 
telomeres, although long TL did not correspond to low pain 
severity in this cohort (69).

Therefore, aging, OA and OP are independent processes; 
however, age is an important factor contributing to the progres-
sion of OA (4). Importantly, Ganguly et al among others, 
suggested that a decline in the number and ‘fitness’ of MSCs 
in the BM may be one of the main factors contributing to bone 
abnormalities in OP and OA (9) (Table I).

5. Therapeutic implications

To date, oxidative stress and chronic inflammation in patients 
with OA and OP are considered to be the main reasons leading 
to chondrocyte cellular senescence and apoptosis. Putatively, 
targeted antioxidant treatment protects chondrocytes and MSCs 
against oxidative stress‑induced injury and associated inflamma-
tion. In that context, Hudita et al, using an in vitro scaffold-free 
3-dimensional MSC culture model of chondrogenesis, demon-
strated that acetylated fatty acids mixture from Celadrin reduced 
the secretion of inflammatory mediators and facilitated the chon-
drogenic differentiation process of human adipose-derived stem 
cells (70). Moreover, the estimation of TL in chondrocytes and/or 
PBL is a promising marker for the diagnosis and prognosis of OA.

6. Conclusions and future perspectives

OA and OP are two of the most common chronic diseases 
affecting the aging population with significant associated 
morbidity and mortality. The currently available therapies 
and disease progression markers do not meet the needs of 
these patients. Accumulating data indicate that telomere short-
ening may contribute to OA and OP as an epigenetic factor. 
Consequently, the measurement of TL of chondrocytes and/or 
PBL may prove to be appropriate markers for the evaluation 
of the progression of these diseases. It is important to identify 
the common mechanisms and etiologies among these patholo-
gies and the aging process (Fig. 1). Indeed, options preventing 
the premature aging of mesenchymal cells could lead to novel 
therapies which specifically target altered bone formation in 
OP and OA. However, further studies with larger cohorts are 
required, in order to obtain objective results and to enhance our 
understanding of the association between TL, inflammation and 
aging. This may in turn provide further insight into the patho-
physiology of degenerative joint diseases.
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