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Abstract. Age-related renal diseases, which account for
various progressive renal disorders associated with cellular
and organismal senescence, are becoming a substantial public
health burden. However, their aetiologies are complicated
and their pathogeneses remain poorly understood. Telomeres
and telomerase are known to be essential for maintaining the
integrity and stability of eukaryotic genomes and serve crucial
roles in numerous related signalling pathways that activate
renal functions, such as repair and regeneration. Previous
studies have reported that telomere dysfunction served a role
in various types of age-related kidney disease through various
different molecular pathways. The present review aimed to
summarise the current knowledge of the association between
telomeres and ageing-related kidney diseases and explored
the contribution of dysfunctional telomeres to these diseases.
The findings may help to provide novel strategies for treating
patients with renal disease.
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1. Introduction

Telomeres have been reported to serve an essential role in the
renal ageing process, as they are an age-related component (1).
Telomeres are composed of telomere proteins and telomere
DNA. Telomere proteins interact with telomere DNA to resist
external attacks on the ends of chromosomes and maintain the
stability of chromosomes (2). When cells continue to live for a
very short period of time, telomere structure and function are
disrupted, resulting in genomic instability and increased risk
of disease (3). Ageing is a significant risk factor for kidney
diseases, such as chronic kidney disease, and epidemiological
studies have identified that elderly individuals are predis-
posed to diverse fluid and electrolyte abnormalities induced
by renal diseases (4). The kidneys are significantly affected
by profound anatomical and functional changes induced by
senescence, and these changes have been discovered to lead to
a decreased glomerular filtration rate, reduced urine concen-
tration and dilution abilities, diminished urinary acidification
and impaired potassium clearance (5). Numerous studies
have demonstrated that cells within the human kidney cortex
undergo telomeric shortening over time (6,7). Therefore, deter-
mining the multiple signalling pathways, such as p53/p21 and
pl6INK4a, associated with telomeres and age-related kidney
diseases may be important for the treatment of ageing-induced
kidney diseases (8).

Telomeres consist of specific short repetitive nucleotide
sequences (5'-TTAGGG-3") (Fig. 1) (3). A protein complex
termed shelterin, which is made up of telomere protective
proteins, is located at the end of chromosomes and maintains
telomere structural integrity (2). Shelterin complexes can form
telomere-loop (T-loop) by binding specifically to telomeres.
Similar to shelterin protein structure function, the T-loop can
protect chromosomal ends from end-to-end fusion and degra-
dation (9,10). When a telomere can shorten no more, several
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cellular signals such as DNA damage response, inflammatory
and p53/p21 pathways are activated (11). The reverse tran-
scriptase telomerase is an RNA-dependent DNA polymerase
with two primary components: Reverse transcriptase and
RNA (3,12). The RNA component of the telomerase sequence is
complementary to the telomere template TTAGGG repeat, and
the reverse transcriptase component helps to add six-base-pair
units to the ends of chromosomes in repetitive cycles (2,12).
In this manner, telomerase helps to maintain telomere length
(TL) in human stem cells, reproductive cells and cancer
cells (13). Telomerase is activated throughout embryogenesis
and in numerous types of cancer, but remains inactive during
tissue differentiation (14-16). In addition, telomerase is inac-
tivated in the majority of types of mature human cells, which
allows telomeres to shorten with every cycle of cell division
and eventually lead to chromosomal instability. However,
significant differences exist between humans and mice/rodents
such as the function of telomerase in cancer and how the state
of senescence is reached. For example, by comparing struc-
tural and functional changes in ageing rat kidneys in vivo and
in vitro, a previous study revealed that rat kidney telomeres
did not significantly shorten in aging kidneys, which may
contribute to the age-related pathology (17).

While changes are known to occur in the kidneys during
the ageing process, the roles of telomeres and telomerase in
renal diseases, including renal cell carcinoma (RCC), chronic
kidney disease (CKD), glomerulosclerosis, acute kidney
injury (AKI) and renal cysts, have gained increasing attention
in recent years (Fig. 1) (18,19). Thus, to further understand
the causes of renal disease during ageing, the present review
aimed to summarise the association between different types
of renal disease and related molecular signalling pathways to
facilitate the elucidation of novel therapeutic targets for kidney
disease.

2. Structural renal changes induced by ageing

During the ageing process, the renal parenchyma becomes
thinner, which is primarily due to cortical tissue regression,
while no significant changes are observed in the thickness
of the renal medulla (20). Several changes also occur in the
glomerulus that affect the glomerular filtration rate, urine
concentration and dilution abilities, and urinary acidification,
and some tubulointerstitial alterations have also been noted
in ageing kidneys (21). As the understanding of the roles of
telomeres and telomerase in renal physiology continues to
improve, researchers are actively attempting to elucidate their
effects on renal disorders and related diseases (22).
Previously, telomerase deficiency was revealed to reduce
the proliferative capacities of glomerular, tubular and inter-
stitial cells; however, telomerase activity differs between
humans and mice (23). TL is genetically determined, with
the average TL and rate of telomere shortening varying
among species. For example, humans are born with shorter
telomeres than mice, but mouse telomeres shorten 100 times
faster than those of humans (24). It was reported that telomeric
shortening limits the recovery capacity following AKI (25).
Changes in the kidneys have also been found to be accom-
panied by vascular changes and blood pressure increases
during the ageing process (26). However, although numerous

morphological changes, such as the roughness of kidney
surface, are observed in ageing organs, none are specifically
attributed to kidney pathogeneses. Verzola et al (27) reported
that patients with type II diabetic nephropathy had acceler-
ated renal and proximal tubule cell senescence. However,
while kidney cell senescence may be induced by telomere
shortening, whether it is affected by telomeric loss remains
unknown. Aged patients with advanced CKD are known to
exhibit numerous age-associated conditions, including myoph-
agism, vascular calcification, premature vascular disease
and osteoporosis (28). These age-associated diseases may
therefore share mechanisms involved in the ageing process,
such as telomere shortening, mitochondrial dysfunction and
DNA damage response. Melk et al (8) reported that upregu-
lated p16™¥** expression could directly affect the prognosis of
ageing patients with kidney diseases. As changes in kidney
function can be quantified in longitudinal studies more readily
compared with other organs, kidneys are often used as a model
to research the effects on organs during ageing.

3.RCC

In recent years, RCC has become the most common type of
kidney cancer, accounting for >90% of all cases of kidney
cancer (29). As RCCs are often diagnosed at an advanced stage,
patients with RCC have a poor survival rate, <8% (30). TL is
known to gradually shorten with age, which may lead to chro-
mosomal instability and subsequent tumorigenesis (31). While
some previous studies have demonstrated that a shortened TL
promoted poor outcomes for patients with RCC (32), others
studies have failed to elucidate such a relationship (33,34).
However, Morais and Dias (31) suggested that TL may serve
a dual role in RCC, for instance, short telomere length can
increase RCC risk in late carcinogenesis, while long telomere
length appears to be associated with tumor prognosis in the
early stages. Therefore, an increasing number of researchers
have also investigated methods, such as reverse transcription
PCR, TRF-Southern blotting and fluorescence in situ hybrid-
ization, for measuring TL to predict the survival of patients
with RCC (4,35,36). Svenson et al (37) used reverse transcrip-
tion PCR to analyze the TL in the blood cells of patients with
kidney cancer instead of the kidney cortex or tumour tissue,
and indicated that measuring the TL in the blood may be
useful in predicting patient survival. Therefore, as a biomarker
of ageing-related diseases, TL should be further studied to
elucidate its impact on other tissues (38).

Repressor-activator protein 1 (RAPI) and protection of
telomeres protein 1 (POT1) are essential members of the shel-
terin complex, the expression of which is crucial for telomere
maintenance (3,39). Pal er al (40) analysed the gene expression
profiles of RAP1 and POT1 in 65 samples of RCC tumour and
adjacent normal renal parenchymal tissues. The RAP1 mRNA
expression was found to be significantly increased with the
grade and subtype of RCC, whereas POT1 expression levels
were upregulated in tumour tissues compared with the corre-
sponding normal renal tissues, but POT1 expression was not
associated with grades, stages and subtypes of RCC (33,39).

Telomeres have been reported to serve an important role in
the prognosis of patients with cancer, and the level of telom-
erase activity has been discovered to be maintained in 85% of
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Figure 1. Age-related renal diseases can be induced by the shortening of telomeres with cell division. (A) Telomere sequence consists of a G-rich double
stranded DNA region. Each time a cell divides, the telomeres shorten the length of an RNA primer, to the point where a functional gene is damaged and the
cell stops dividing. Brown and black represent chromosomes and telomeres, respectively. (B) Age-related kidney diseases, such as renal cell carcinoma, chronic
kidney disease, glomerulosclerosis, acute kidney injury and renal cysts, that can be induced by telomeric dysfunction. The renal pattern in the middle repre-
sents a model of possible kidney disease, such as RCC, CKD and AKI. RCC, renal cell carcinoma; CKD, chronic kidney disease; AKI, acute kidney injury.

malignancies, including RCC (12); however, how telomerase
activity is maintained in RCC remains unknown. Human
telomerase reverse transcriptase (TERT) is an active compo-
nent of telomerase that is mainly responsible for its catalytic
activity and is known to participate in the maintenance of
stem cells, enhancement of DNA repair and promotion of
late carcinogenesis (2). Dahse et al (41) demonstrated that the
PCR detection of telomerase activity could be used to predict
tumour malignancy in patients with RCC. The reported detec-
tion of telomerase activity in the majority of RCCs may imply
that telomerase activation may be a critical step in the process
of RCC (42), and measuring telomerase activity may provide
additional information regarding tumour progression and
therapeutic strategies.

Numerous further studies are required to elucidate the role
of telomeres in the carcinogenesis of RCC. Although an asso-
ciation between telomere-related proteins and the RCC grade
and subtype has been well established, the related molecular
pathways activated by telomere-related proteins in kidney
diseases have not been fully elucidated.

4. Ageing-associated CKD

CKD is a major public health problem characterized by poor
outcomes, especially with the increasing ageing popula-
tion (43). Kidney function has been found to decline due to
the development of ageing-associated glomerulosclerosis,
which is the most common pathological finding in patients
with CKD (44). Ageing presents a risk factor for the develop-
ment of CKD, which is defined by an estimated glomerular

filtration rate of <60 ml/min per 1.73 m? (45). The reciprocal
relationship between TL and CKD risk has been proven by
numerous previous studies (46-48), and while telomere
shortening was found to be associated with ageing-related
CKD, the interaction is offset by the cellular telomere repair
process (4). Telomerase maintains the length and structure of
telomeres and extends the cellular life span, and its activity has
been suggested to be potentially associated with CKD (49).
Despite telomerase activity gradually decreasing with cellular
division, telomerase activation holds substantial promise for
CKD treatment in the clinical setting (4), as numerous studies
have proven the relationship between telomerase activity and
CKD stages (50). For example, Kidir et al (49) investigated
and followed-up patients with stage SD CKD and used the
TRAP assay to measure telomerase activity in peripheral
blood mononuclear cells (PBMCs); the authors concluded
that telomerase activity in PBMCs was increased in patients
with CKD at risk of advanced stage. However, the study
also indicated that telomerase gene polymorphisms may be
more related to CKD risks than telomerase activity and TL.
It was shown that during the progression of CKD, telomeric
RNA component (TERC) rs12696304 and TERT rs2736100
polymorphisms served greater roles in primary glomerulone-
phritis, end-stage renal disease (ESRD) and CKD in females
compared with TL and telomerase activity (48). Moreover,
these germline variants were not affected by ageing, diseases
or other pathological and physiological environmental
elements (48,51). In ESRD, patients exhibited loss of thymic
function and telomere attrition, which inhibited the cellular
immune system (52). Telomerase activation and telomere
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attrition are usually accompanied by activation of the immune
system and the release of inflammatory factors that could be
used as biomarkers for the treatment of CKD (53). In addition
to inflammation, numerous genes and molecular mechanisms,
such as the klotho gene (54) and oxidative stress, have been
found to be activated by telomerase activation and telomere
attrition during the progression of CKD (55).

Despite the identification of several molecular targets
related to telomere dysfunction, numerous therapeutic trials,
such as the target telomerase drugs GX301 and GV1001, are
not helpful for CKD in older patients. Therefore, telomeres and
telomerase activity should be further considered as personal-
ized medicine targets for patients with CKD.

5. Kidney fibrosis

Fibrosis can occur in a variety of organs, such as the
kidneys, lungs and other major organs under similar fibrosis
pathological conditions (56) The main pathological changes
underlying fibrosis are the increased accumulation of fibrous
connective tissue in organs and decreased numbers of paren-
chymal cells (57). The deterioration of fibrosis can lead to
the destruction of organ structure and functional decline or
even failure, which significantly threatens human health (58).
Kidney fibrosis is the main pathological feature of chronic
kidney failure and manifests as tissue structure disorganisa-
tion (59,60). Pifieciro-Hermida et al (61) revealed an association
between the development of idiopathic pulmonary fibrosis and
telomere dysfunction and telomerase mutations. Likewise,
renal fibrosis has been found to be also influenced by cellular
ageing-related mechanisms, such as the decline in renal func-
tion induced by telomere shortening (62). Cianciolo et al (63)
demonstrated that the glomerular filtration rate in humans and
dogs decreased over time and while telomere shortening was
not definitively the underlying factor, it had an ability to induce
ageing-related disease, such as CKD. The length of telomeres
is shorten with each cell division, and telomere dysfunction
can lead to cell cycle arrest (64). Therefore, telomere dysfunc-
tion-induced renal cells with fibrosis are often accompanied by
the activation of cell cycle arrest signals (65). Yang et al (66)
demonstrated that G,/M-arrested proximal tubular cells acti-
vated by JNK signalling to prevent fibrosis. Thus, telomeres
and related molecules may be implicated in renal fibrosis and
serve as useful diagnostic biomarkers and therapeutic targets.

6. AKI

AKThas become a public health concern because it is associated
with high mortality rates. AKI is characterized by a decreased
glomerular filtration rate that consequentially results in the
deterioration of renal function and ultimately, a considerable
percentage of patients requiring dialysis (67). The elderly
are particularly susceptible to AKI and demonstrate poor
prognoses, which is <16% (68). Epel et al (69) identified the
relationship between dynamic telomerase activity and acute
stressors, and concluded that telomerase activity could be used
as a molecular marker for AKI. These data confirmed obser-
vations, such as renal regeneration, that telomerase may be a
molecular marker in numerous injury models and suggested
that the telomere shortening process may be advanced by a

single renal insult and potentially accelerated by repeated
injuries (61,70). In addition, shortened telomeres were indi-
cated to potentially contribute to increased renal injury and
decreased renal recovery following insult (71). Numerous
other factors associated with ageing were also indicated to
be increased, including reactive oxygen species generation,
cell cycle arrest and mitochondrial dysfunction (72,73).
Cisplatin (CDDP) is an effective chemotherapeutic agent
that is commonly used to treat cancer and has been shown to
induce renal toxicity (74). However, the effect of CDDP on
AKI in the elderly with shortened telomeres requires further
investigation. Shin et al (75) demonstrated that older animals
(20-week-old rats) with shortened telomeres treated with
CDDP continually had high expression levels of biological
markers, such as urinary kidney injury model-1, TIMP metal-
lopeptidase inhibitor 1 and VEGF, which may be helpful in
the early diagnosis of elderly patients, who may have shorter
telomeres, with CDDP-induced AKI. In the elderly with AKI,
telomeres may be used as a molecular maker to evaluate
kidney function. The ageing of organs has been identified as
the main factor leading to the exacerbation/deterioration of
kidney structure during the process of AKI, and cell cycle
arrest was discovered to occur not only renal fibrosis, but
also in AKI (76). With each cell cycle, telomere repeats are
lost because telomerase is not activated in adult human cells.
Since the DNA polymerase cannot replicate linear chromo-
somes from the ends, telomeres are critically shortened (77).
In addition, renal ischaemia-reperfusion injury was found to
lead to more significant impairment of renal function, and was
increased in fourth-generation telomerase-deficient (G4Terc™)
mice compared with both wild-type and G1Terc” mice (78). In
addition, another previous study reported that critically short
telomeres upregulated the expression levels of the cell cycle
inhibitors p21 and p16™¥* and increased renal cell apoptosis
accompanied activated ataxia-telangiectasia (79). These data
also demonstrated significantly reduced proliferative capaci-
ties of tubular, glomerular and interstitial cells. As age-related
renal diseases significantly contribute to morbidity by ~18.7%,
strategies for preventing these diseases may markedly improve
healthy ageing (22). Therefore, renal regeneration following
AKI therapy is promising, as telomere shortening can increase
cellular senescence and apoptosis, thereby limiting the regen-
erative capacity in response to injury (80).

7. Renal cysts

Renal cysts occur in nephrons and have been discovered to
lead to end-stage renal failure due to progressive tubular
cystic expansion and loss of typical renal structure and func-
tion (81,82). Renal cysts, a condition in which the kidneys are
filled with fluid-containing cysts replacing much of the normal
renal structure, cause progressive kidney enlargement over time
and eventually leads to uremia (83). In addition, fluid within
the cysts is derived from glomerular filtrate and transepithe-
lial fluid secretion (84). Renal cysts were also discovered to
occur in the development of long-term CKDs and other types
of organ dysfunction, such as pancreas and ovary (85,86). For
example, Yaghoubian et al (87) observed that patients with
abdominal aortic aneurysms had increased renal cyst incidence
rates, indicating that renal cysts may be associated with other
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types of disease. In addition, previous research on polycystic
kidney disease (PKD) identified numerous of the molecular
mechanisms that were closely associated with the occurrence
of renal cysts, such as genetic mutations in hepatocyte nuclear
factor-1p and polycystin-1/2 (88-90), abnormal renin-angio-
tensin-aldosterone system activation (91), altered intracellular
calcium signalling (82,92), MET oncogene mutations (93),
vasopressin receptor upregulation (94), mTOR pathway acti-
vation (95,96), c-Myc-derived apoptosis (97), endothelin-1
receptor upregulation (98), TGF-f31 and apelin pathway activa-
tion (99), VEGF gene variants (100) and dysfunction of the
innate immune system (101). According to the results of NCBI
literature search, there are a few studies evaluating the relation-
ship between telomere and PKD (102-104). Although there is
not sufficient evidence to prove the direct relationship between
telomeres or telomerase and renal cysts, the association
between telomere dysfunction-induced tumours and PKD was
confirmed in our previous study; RNA-Seq and single-sample
gene set enrichment analysis was used to identify the gene
signatures and pathways. The results have shown that mutant
p53 and telomere dysfunction increased the development of
PKD (105). In regard to these data, further research should
be performed to explore the combination of mutant p53-target
and telomere drugs, such as GRN163L and APR-246 in the
future (106,107). The application of this combination for renal
cyst treatment could enhance renal function and relieve the
pain caused by abnormally functioning kidneys.

8. Conclusion

Due to the ageing population, ageing-related renal diseases
have attracted increasing attention. Extensive studies have
revealed that telomeres and telomerase serve important roles in
not only normal nephrogenesis, but also in renal cysts, fibrosis,
regeneration after AKI, RCC and various CKDs (Fig. 1). Thus,
future research should focus on whether telomeres and renal
diseases exert a cause or effect role to improve the research
and treatment of kidney disease. It should be noted that telo-
mere dysfunction is not always required for the induction of
ageing-related renal diseases, and could be due to cumulative
environmental stress. Although numerous studies have proven
that telomere dysfunction is involved in various types of renal
disease in the elderly and the role of telomere maintenance
in age-related renal diseases, it is currently unknown whether
telomere homeostasis has beneficial effects on the ageing
kidney. Thus, further evaluation of the impact of telomere
dynamics on the ageing kidney is required. In conclusion,
the study of telomeres and telomerase in relation to kidney
diseases is only in its infancy and further research questions,
such as drug development targeting telomerase will need to be
addressed in the future.
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