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Abstract: Telomeres are dynamic DNA nucleoprotein structures located at the end of chromosomes
where they maintain genomic stability. Due to the end replication problem, telomeres shorten with
each cell division. Critically short telomeres trigger cellular senescence, which contributes to various
degenerative and age-related diseases, including chronic kidney diseases (CKDs). Additionally,
other factors such as oxidative stress may also contribute to accelerated telomere shortening. Indeed,
telomeres are highly susceptible to oxidative damage due to their high guanine content. Here, we
provide a comprehensive review of studies examining telomere length (TL) in CKDs to highlight the
association between TL and the development and progression of CKDs in humans. We then focus on
studies investigating TL in patients receiving kidney replacement therapy. The mechanisms of the
relationship between TL and CKD are not fully understood, but a shorter TL has been associated with
decreased kidney function and the progression of nephropathy. Interestingly, telomere lengthening
has been observed in some patients in longitudinal studies. Hemodialysis has been shown to
accelerate telomere erosion, whereas the uremic milieu is not reversed even in kidney transplantation
patients. Overall, this review aims to provide insights into the biological significance of telomere
attrition in the pathophysiology of kidney disease, which may contribute to the development of new
strategies for the management of patients with CKDs.
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1. Introduction

Chronic kidney diseases (CKDs) are a heterogeneous group of disorders that represent
a global public health problem. They affect more than 750 million people worldwide, and
this number is expected to increase due to the ageing population [1]. Age-related changes
in the kidney are among the most profound among all other organs. Kidney ageing is a
complex and multifactorial process in which the kidney undergoes progressive functional
and structural changes [2]. Structurally, kidney ageing is characterized by the loss of
nephrons and hypertrophy of functional nephrons, glomerulosclerosis, tubular atrophy,
interstitial fibrosis, and arteriosclerosis [3]. Functionally, the glomerular filtration rate
(GFR) gradually decreases, and the rate of decline increases with age [4]. The changes in
tubular function are manifested by a decrease in the ability to conserve and excrete sodium,
impaired potassium excretion, and a decreased ability to concentrate and dilute urine [4].
Biological ageing can be assessed by measuring the telomere length (TL), and its role in
the development and progression of age-related diseases has been intensively studied in
various diseases such as neurodegenerative disorders, cardiovascular diseases, diabetes,
monogenic diseases, etc. [5–8]. The association between CKD and TL is shown in Figure 1,
along with the risk factors for CKDs.

Oxidative stress is a hallmark of CKDs and contributes to accelerated telomere attri-
tion. Here, we provide a comprehensive review of studies investigating TL in CKDs and
highlight the association between TL shortening and the development and progression
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of CKDs. We then focus on studies investigating TL in patients who are receiving kidney
replacement therapy. Overall, this review provides insights into the biological significance
of telomere shortening in the pathophysiology of CKDs, which may contribute to the
development of new strategies for managing patients with CKD.
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2. Telomere Length and the Kidney

Telomeres are nucleoprotein structures that cap the ends of eukaryotic chromosomes.
In humans, telomeres consist of non-coding tandem TTAGGG DNA sequences, which
are bound by six telomere-specific proteins called shelterin [9]. Telomeres are critical
for maintaining genome integrity by preventing DNA damage recognition at the end of
chromosomes and the loss of essential genetic information [10]. However, DNA polymerase
is unable to fully replicate both DNA strands at the end of linear chromosomes, so telomeres
in most somatic cells shorten, by 50–150 base pairs, with each cell division [11]. The length
of telomeres is controlled by telomerase, a ribonucleoprotein DNA polymerase complex
that catalyzes the addition of telomeric repeats to the 3’ end of the chromosome by reverse
transcription of the template region of its associated RNA moiety [12]. However, the
expression of this complex is tightly regulated. Telomerase is highly expressed in the early
stages of embryonic development and in pluripotent stem cells, while most somatic cells
lack telomerase activity [13]. In the absence of telomere elongation, telomeres eventually
shorten below a critical length, triggering an activation of the telomeric DNA damage
response that leads to replicative senescence or apoptosis [14–16]. Senescent cells undergo
functional and physiological changes that impair organ function [17].
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In the ageing kidney, telomere shortening is faster in the renal cortex than in the
medulla and it may contribute to glomerulosclerosis. The differences are greater in younger
kidneys and decrease with age [18]. Studies that have investigated the relationship between
TL and kidney function in healthy subjects are inconclusive. A study of 139 participants
from the Han population (China) reported a significant association between shorter leuko-
cyte TL and lower estimated GFR (eGFR). Participants were between 35 and 90 years of
age and were not taking any medication [19]. In contrast, in another cohort that included
471 participants from the Han population with the same age range and inclusion criteria,
no association was found between TL shortening and reduced kidney function [20]. How-
ever, the subjects were followed for only 3 years, so studies with a longer follow-up are
warranted. Another study on the Han population, which included a total of 403 partici-
pants with normal and abnormal glucose tolerance, also showed no association between
leukocyte TL and kidney function estimated as eGFR or urinary albumin-to-creatinine
ratio (UACR) [20,21]. The discrepancies may be partially explained by different markers of
kidney function (e.g., eGFR and UACR), different study populations, age-related telom-
ere attrition, and kidney function decline. However, a recent Mendelian randomization
study found a casual linkage between genetic predisposition and telomere attrition and
a higher risk of CKD, independent of chronological age and comorbidities. The study
included 52 independent single nucleotide polymorphisms (SNPs). Conversely, genetically
predicted kidney disfunction was associated with accelerated TL shortening [22]. Further-
more, a longitudinal study that included 3964 participants showed that subjects with a
longer buccal TL were more likely to maintain normal kidney function. TL, age, sex, race,
education, smoking, alcohol consumption, heart disease, diabetes, blood pressure, body
mass index, and glycated hemoglobin were significantly associated with the trajectory
group [23]. Taken together, these findings indicate the potential role of telomere attrition in
altering kidney function.

3. Telomere Length and Chronic Kidney Diseases

The prevalence of CKD is highest in the elderly population. Because TL has been
proposed as a marker of biological age, many studies have investigated the association
between TL and kidney function, the progression of nephropathy, and the duration of
CKDs. These studies are listed in Table 1.

Conflicting results have been published for the relation between TL and kidney func-
tion, but most studies reported an association between shorter TL and kidney dysfunction.
In the United States National Health and Nutrition Examination Survey, which included
more than 10,000 patients, short leukocyte TL was cross-sectionally associated with de-
creased eGFR and increased UACR [24]. On the other hand, a shorter leukocyte TL was
associated with decreased eGFR but not AUCR in Japanese individuals at cardiovascular
risk [25]. Shorter TL also correlated with decreased eGFR in patients with chronic heart
failure and patients with IgA nephropathy [26–28]. In Chinese individuals with type 2
diabetes, the rate of decline in eGFR was linearly related to baseline leukocyte TL [29].
However, in studies concerning patients with a moderate severity of CKD and in patients
with coronary heart disease, an age-dependent association between a short TL and reduced
eGFR was found [30,31]. In addition, accelerated TL shortening over 5 years was found
in patients with higher serum creatinine, cystatin C, and reduced eGFR, with age as a
confounding factor, indicating an intertwined relationship between TL shortening and
kidney ageing. It is also worth mentioning that the Heart and Soul Study included elderly
subjects with a mean age of 66.7 years [31]. A more recent study on patients with heart
failure and with a similar median age of 65.9 years found no relationship between TL and
kidney function [32].

Several studies have demonstrated an association between TL and the progression of
CKD. In a prospective study of Chinese patients with type 2 diabetes, a one-unit decrease
in leukocyte TL was associated with a 1.2-fold increased risk of end-stage kidney disease
(ESKD), independent of the traditional risk factors including age, duration of diabetes,
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metabolic control, and complications at baseline [29]. In contrast, a study of 157 individuals
with type 1 diabetes and impaired kidney function and 116 individuals with normoalbu-
minuria, followed for an average of 11.1 years, found no association between leukocyte
TL and the incidence of ESKD [33]. In the study of two independent cohorts that included
patients with mild to moderate CKD, shorter TL at baseline showed a trend toward an in-
creased risk of CKD progression, whereas the effect was significantly modified by smoking
and the presence of diabetes [34]. A prospective study of more than 2000 patients with
type 2 diabetes showed a 1.9-fold increased risk of albuminuria progression in those with
a short leukocyte TL after an adjustment for traditional risk factors compared with those
with a longer TL [35]. Similarly, in patients with type 1 diabetes, a shorter leukocyte TL
and an increased proportion of short telomeres predicted an increased risk of albuminuria
progression. [36]. A shorter TL was also observed in patients with type 2 diabetes and albu-
minuria compared with normoalbuminuric patients, even after an adjustment for potential
confounders [37]. In patients with IgA nephropathy, shorter telomeres were discovered in
kidney cells of patients with severe pathological changes and progressive disease compared
with patients with normal or mild pathological changes and control subjects. However, this
was not true for the progression of diabetic nephropathy, systemic lupus erythematosus,
and focal segmental glomerulosclerosis [38]. The role of TL shortening in CKD progression
was also demonstrated by Crépin et al., where shorter TLs were found in patients with
advanced CKD compared to CKD patients with a normal kidney function [39]. Finally, a
recent Mendelian randomization study in an Asian population described an association
between genetically determined shorter leukocyte TL and an increased risk of CKD in
patients with type 2 diabetes [40].

Interesting results were reported in the German Chronic Disease Study, which
included 4802 CKD patients. They found a U-shaped relationship between TL and CKD
duration. Namely, the shortest telomeres were found in CKD patients with a reported
CKD duration of less than 6 months, followed by patients with a CKD duration of more
than 5 years. Patients with a duration between 6 months and 5 years had the shortest
telomeres [41]. The lengthening of telomeres over time may be explained by increased
telomerase activity induced by impaired kidney function or survival bias. Lymphocytes
are one of the few mature cells in which telomerase remains active [13]. However,
the findings of telomerase activity are inconclusive, as one study found significantly
higher telomerase activity in patients with CKD stage five compared to other stages,
while telomerase activity was similar in CKD stages two, three, and four. A significant
difference was also observed between patients and control subjects [42]. In another
study, no difference in telomerase activity was observed between patients with different
CKD stages [39].

Patients with CKD have increased morbidity and mortality. Indeed, a shorter TL
increased the risk of death in CKD patients [33,39]. Moreover, a German Chronic Kidney
Disease Study suggested leukocyte TL as a strong and independent predictor of all-cause
mortality during a four-year follow-up of nearly 5000 patients with moderately severe
CKD. A 0.1 unit decrease in relative TL was associated with a 14% increased risk of death,
independent of age, sex, kidney function, and cardiovascular risk factors. Patients with the
shortest TL had a 75% higher risk than patients with the longest TL [43].
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Table 1. Studies on telomere length in chronic kidney diseases.

Study Study Population TL Method Sample Main Findings

Cheng et al.
(2022) [29] Patients with type 2 DM qPCR Leukocytes

A shorter TL was associated with a higher risk of
developing ESKD; a shorter TL at baseline was

associated with a faster eGFR decline.
Elena et al.
(2021) [32] HF patients qPCR Leukocytes A shorter TL was not associated with eGFR.

Fazzini et al.
(2020) [43] CKD patients qPCR Leukocytes A shorter TL was associated with

all-cause mortality.
Sun et al.

(2020) [44]
Patients with primary

glomerulonephritis qPCR Leukocytes No difference in TL between patients and
control subjects.

Crépin et al.
(2020) [39] CKD patients qPCR PBMCs

A shorter TL in patients with advanced CKD compared
to patients with normal kidney function; an increased
risk of death was observed in patients with shorter TL.

Gurung et al.
(2018) [35] Patients with type 2 DM qPCR Leukocytes A shorter TL was associated with a higher risk for

albuminuria progression.
Eguchi et al.
(2017) [25]

Subject with at least one
CVD risk factor qPCR Leukocytes A shorter TL was associated with reduced eGFR, but

not with UACR.
Mazidi et al.
(2017) [24] CKD patients qPCR Leukocytes A shorter TL was associated with reduced eGFR and

increased UACR.
Raschenberger
et al. (2015) [41] CKD patients qPCR Leukocytes U-shaped association of TL with

CKD duration.
Raschenberger
et al. (2015) [30] CKD patients qPCR Leukocytes Age-dependent association between

eGFR and shorter TL.
Raschenberger
et al. (2015) [34] CKD patients qPCR Leukocytes A shorter TL was associated with an increased risk of

CKD progression.

Lu et al.
(2014) [38]

IgA nephropathy, SLE,
DN, and FSGS patients qFISH Kidney biopsy

A shorter TL in patients with severe IgA nephropathy
was observed compared

to control subjects.

Bansal et al.
(2012) [31] CHD patients qPCR Leukocytes

Age-dependent association between (1)
baseline eGFR and shorter TL and (2) kidney function

and faster TL shortening.
Harst et al.
(2011) [26] CHF patients qPCR Leukocytes A shorter TL was associated with

reduced eGFR.
Fyhrquist et al.

(2010) [36] Patients with type 1 DM TRF Leukocytes A shorter TL and higher proportion of short
telomeres predicted albuminuria progression.

Wong et al.
(2009) [27] Patients with CHF qPCR Leukocytes A shorter TL was associated with reduced eGFR.

Astrup et al.
(2010) [33] Patients with type 1 DM TRF Leukocytes

No difference in TL between patients with and without
nephropathy; TL was associated with

all-cause mortality.
Tentolouris et al.

(2007) [37] Patients with type 2 DM TRF Leukocytes A shorter TL in patients with albuminuria
compared to patients without albuminuria.

Szeto et al.
(2005) [28] IgA nephropathy patients TRF PBMCs and urinary

sediment

A shorter TL of urinary DNA was associated with
reduced eGFR but not with

glomerulosclerosis and tubulointerstitial
scarring; the decrease rate in eGFR was
associated with the TL of urinary DNA.

CHD, coronary heart disease; CHF, chronic heart failure; CKD, chronic kidney disease; CVD, cardiovascular
disease; DM, diabetes mellitus; DN, diabetic nephropathy; eGFR, estimated glomerular filtration rate; ESKD, end-
stage kidney disease; FSGS, focal segmental glomerulosclerosis; HF, heart failure; qFISH, quantitative fluorescence
in situ hybridization; qPCR, quantitative polymerase chain reaction; PBMCs, peripheral blood mononuclear cells;
SLE, systemic lupus erythematosus; TL, telomere length; TRF, terminal restriction fragment analysis; and UACR,
urinary albumin-to-creatinine ratio.

4. Telomere Length and Kidney Replacement Therapies

Although premature death is more common in CKD patients than a progression to
ESKD [45], the number of patients requiring kidney replacement therapy, such as hemodial-
ysis (HD) or kidney transplantation (KTx), is significant and increasing. Significantly
shorter TL of CD4+ T cells have been found in ESKD patients compared to control subjects,
regardless of HD [46]. Studies that investigated TL in patients receiving kidney replacement
therapy are listed in Table 2.

HD contributes to an inflammatory response beyond that associated with CKD it-
self [47]. Increased inflammation contributes to accelerated telomere attrition, as several
studies have shown a shorter TL or telomeric G-tail in patients on HD compared with
control subjects [48–50]. Additionally, HD patients treated with active vitamin D had a
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longer TL than untreated patients [49], which is possibly due to the anti-inflammatory
properties of vitamin D. Iron overload, which is common in HD patients and contributes to
increased oxidative stress, has been associated with accelerated TL shortening [51]. A short
TL has also been associated with inflammatory markers [48,52].

Table 2. Studies on telomere length in patients on kidney replacement therapy.

Study Study Population TL Method Sample Main Findings

Wang et al.
(2021) [53] HD and KTx patients qPCR Leukocytes A shorter TL in HD patients without KTx

compared to KTx patients.

De Vusser et al.
(2020) [54] KTx patients qPCR Kidney biopsy

Intrarenal TL 5 years after Tx was
associated with renal arteriosclerosis and

reflected kidney donor characteristics.
Kato et al.
(2016) [55] HD patients qPCR Leukocytes Significant TL shortening after one year of HD.

Murillo-Ortiz
et al. (2016) [51] HD patients qPCR Leukocytes TL was inversely related to time on HD.

Luttropp et al.
(2016) [56] HD and KTx patients qPCR Leukocytes Greater telomere attrition in KTx patients

compared to HD patients at one year.
De Vusser et al.

(2015) [57] Kidney donors qPCR Leukocytes and
kidney biopsy

Telomere attrition was associated with the
histology of arteriosclerosis.

Stefanidis et al.
(2015) [58] HD patients TRF PBMCs

No difference in TL between HD patients and control subjects; a long
duration of HD was

associated with a shorter TL.

Hirashio et al.
(2014) [50] HD patients G-tail

telomere HPA PBMCs

Significantly shorter telomeric G-tails in HD patients was observed
compared to control subjects; shorter telomeric G-tails were

associated with a higher risk of
cardiovascular events.

Meijers et al.
(2014) [59] KTx patients FISH PBMCs

Significantly shorter TL of T cells in KTx
patients compared with control subjects; no difference in TL between

pre-RTx and after
one-year KTx.

Borras et al.
(2012) [49] HD patients TRF PBMCs A shorter TL in HD patients was observed compared to control subjects.

Carrero et al.
(2008) [52] HD patients qPCR Leukocytes A shorter TL was associated with a higher

risk of mortality.
Boxal et al.
(2006) [60] HD patients TRF PBMCs No difference in TL between HD patients and control subjects; TL was

negatively associated with time on HD.
Ramírez et al.

(2005) [48] HD patients FISH PBMCs A shorter TL in HD patients was observed compared to control subjects.

FISH, fluorescence in situ hybridization; HD, hemodialysis; HPA, hybridization protection assay; KTx, kidney
transplant; qPCR, quantitative polymerase chain reaction; PBMCs, peripheral blood mononuclear cells; TL,
telomere length; and TRF, terminal restriction fragment analysis.

TLs of leukocytes and PBMCs were found to be inversely related to the duration of
HD [51,53,58,60]. During the first year, patients with longer telomeres showed greater
attrition, but some patients were also observed to have prolonged TL, which was associ-
ated with an increased leukocyte count at baseline [55]. There are also some conflicting
studies that found no difference in TL between HD patients and control subjects [58,60].
As expected, higher telomerase activity in PBMCs was associated with longer TL in HD
patients [58]. Telomerase activity in PBMCs was lower in HD patients compared with con-
trol subjects and in long-term patients compared with short-term HD patients. However,
inflammatory markers were not correlated with telomerase activity [61]. Similar to CKD
patients, a shorter TL was associated with an increased mortality risk [52], while a shorter
telomeric G-tail was associated with an increased cardiovascular risk [50].

KTx patients usually have a better quality of life and better long-term outcomes than
HD patients [62]. A recent study showed a shorter TL in HD patients compared with KTx
patients [53]. Paradoxically, Luttropp et al. found greater telomere attrition in KTx patients
compared with HD patients after one year, but the patients were not age-matched [56].
On the other hand, Meijers et al. showed that KTx did not reverse uremia-associated
immunological ageing, as there was no difference in the TL of T cells between pre-KTx
and one-year post-KTx [59]. Telomere shortening has also been associated with renal
arteriosclerosis [54,57]. Nevertheless, the factors affecting long-term graft longevity remain
to be explored. Studies have shown an association between TL and KTx outcome, which
was reviewed by Kłoda et al. [63].
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5. Role of Oxidative Stress in Telomere Shortening

Oxidative stress occurs when the formation of reactive oxygen and nitrogen species
(RONS) exceeds the endogenous antioxidant capacity [64]. RONS cause damage to various
biomolecules, such as proteins, lipids, and nucleic acids. In CKD, impaired mitochondrial
function and increased mitochondrial reactive oxygen species (ROS) are major causes of
increased oxidative stress [65,66]. It is generally accepted that oxidative stress contributes
to the development and progression of CKDs, as described in [67].

Cellular replication is the main cause of telomere shortening, but other factors
may also influence the rate of telomere shortening. Several in vitro and in vivo studies
have shown that oxidative stress significantly accelerates telomere attrition [68,69]. The
shortening of telomeres induced by oxidative stress is tissue-specific and depends on the
antioxidant capacity of each tissue [70]. Telomeres are highly susceptible to oxidative
damage due to their high content of guanine triples compared to the rest of the genome
(Figure 2) [71]. Oxidation of guanine produces 8-oxoguanine (8-oxoG), which is even
more susceptible to oxidation, and eventually leads to hydantoin lesions [72]. 8-oxoG
is unable to adequately bind to adenine, leading to GC-TA transversion [73]. As a
commonly used biomarker of oxidative stress, 8-oxoG can be measured by an enzyme-
linked immunosorbent assay (ELISA) or liquid chromatography in various biofluids
such as serum, plasma, and urine. Peroxiredoxin (PRDX1), which scavenges hydroxy
peroxide, is enriched at the telomeres during replication and counteracts ROS-induced
telomeric damage. The loss of PRDX1 results in preferential damage to telomeres [74].
ROS can cause single-strand DNA breaks directly or as an intermediate in lesion repair,
leading to replication fork collapse and telomere shortening [75,76]. The damage caused
by oxidative stress can also disrupt the association of telomere maintenance proteins
such as TRF1, TRF2, and POT1 with DNA [77].
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Telomeres are repaired less effectively than the rest of the genome [77]. A study
on fibroblasts showed that compared to genomic DNA, where oxidative damage was
repaired within 24 h, single-stranded damage in the telomeric region remained unre-
paired for at least 19 days [78]. Telomeric DNA can be repaired by base excision repair or,
less commonly, by nucleotide extension repair and mismatch repair [79]. Small lesions
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in DNA are usually repaired by base excision repair [80]. The accumulation of single-
strand DNA breaks that occur during base extension repair can lead to replication fork
collapse and the formation of double-strand breaks [81]. 8-oxoG is mainly removed by
the enzyme 8-oxoguanosine DNA glycolase-1 (OGG1), which can directly remove the
8-oxoG lesion from DNA. However, the efficiency of OGG1 at the 3’-overhang, D-loop,
and fork-opening is limited [82].

Long non-coding RNAs, known as telomeric repeat-containing RNAs (TERRA),
can be transcribed from subtelomeric regions toward chromosome ends and are ac-
tively involved in mechanisms regulating telomere maintenance and chromosome end
protection [83]. TERRA can occur as a free nucleoplasmic RNA molecule or as a DNA–
RNA hybrid (R-loop), whereby TERRA is associated with telomeric chromatin [84,85].
However, the role of TERRA in telomere shortening is complex and possibly context-
dependent. The level of TERRA and TERRA R-loops inversely correspond to the telomere
length. In cells with long telomeres, TERRA may act as a negative regulator by binding to
telomeric DNA and preventing telomerase access to the telomere [86]. The transcription
of TERRA can be induced by telomere dysfunction, which in turn regulates the DNA
damage response at dysfunctional telomeres [87]. On the other hand, in critically short
telomeres, TERRA and TERRA R-loops are stabilized and promote homology-directed
repair and premature senescence [85,88]. Further studies are needed to fully elucidate
the mechanisms by which TERRA regulates telomerase activity and telomere mainte-
nance, especially since it has been identified as a potential therapeutic target. Namely, it
has been observed that the inhibition of TERRA by antisense oligonucleotides prevents
the activation of the DNA damage response and cellular senescence, both in vivo and
in vitro [87,89].

6. Role of Other Factors in Telomere Shortening

Telomere shortening is a complex process influenced by genetic, environmental, and
lifestyle factors, as illustrated in Figure 1. As mentioned earlier, oxidative stress and in-
flammation are known to contribute toward telomere shortening. Therefore, all factors that
increase oxidative stress and/or inflammation result in telomere shortening. Both smoking
and obesity are associated with increased oxidative stress and inflammation. A systematic
review and meta-analysis showed that TL was shorter in individuals who had ever smoked
than in individuals who had never smoked. In addition, TL was shorter in current smokers
than in individuals who had quit smoking [90]. Smoking was shown to be associated
with a loss of five base pairs of telomeric DNA per year [91]. Obesity is also linked to
increased oxidative stress and inflammation. Therefore, it is not surprising that obesity
was associated with shorter TL [91]. Interestingly, it has been observed that leukocyte TL
can be affected by weight loss. Indeed, greater weight loss was associated with greater
telomere lengthening [92]. Healthy dietary patterns such as the Mediterranean diet and the
consumption of fruits, vegetables, and antioxidant nutrients have been shown to protect
telomeres from shortening, while unhealthy diets such as those rich in processed meat and
sweetened beverages contribute toward telomere shortening [93]. The effect of physical
activity on TL remains controversial, as about half of the studies found no association
between physical activity and TL [94], which is possibly due to differences in frequency
and intensity. However, in a cross-sectional study of 5823 adults, longer TLs were found in
individuals with high physical activity compared to sedentary individuals. Moreover, the
difference was also significant between high and low activity individuals [95]. Neverthe-
less, moderate activity appears to be sufficient to protect TL, whereas higher activity levels
may not provide any additional benefit [96,97]. Sleep quality and duration have also been
associated with TL. Poor sleep quality was associated with shorter TL. Moreover, poorer
sleep quality predicted shorter TL [98]. Chronic stress exposure was significantly associated
with higher oxidative stress, lower telomerase activity, and shorter TL [99]. Overall, healthy
lifestyle habits, such as regular exercise, healthy diet, and the avoidance of smoking and
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daily stress, which lower level of oxidative stress and inflammation, can actively mitigate
the ageing process.

In addition to modifiable factors affecting TL, TL has been shown to be a highly
heritable trait (36–86%). Several genome-wide association studies have been performed and
most identified SNPs harboring genes encoding proteins with known functions in telomere
biology [100–103]. Moreover, the TL has been shown to be longer in adult women [104]
and in African Americans compared to Caucasians [105].

7. Discussion and Future Perspectives

CKDs are a serious global health problem. As discussed in this review, the accumu-
lating data suggest that telomere shortening is associated with CKDs. Apart from some
conflicting results, most studies have shown that telomere shortening is associated with a
decline in kidney function and the progression of CKD. During disease progression, TL
elongation has been observed in some individuals. HD accelerates TL shortening, whereas
KTx is unlikely to reverse the uremic milieu.

Nevertheless, there are still many gaps that need to be addressed in the future. In
most studies, TL is measured in blood samples (leukocytes or PBMCs). Studies on kidney
samples would be desirable, but a kidney biopsy is an invasive procedure and therefore,
it is rarely performed. Although TL varies from tissue to tissue, the Genotype Tissue
Expression Project (GTEx), which analyzed postmortem tissue samples, has shown that
leukocyte TL is a surrogate for TL in the renal cortex [106].

Maintenance of TL is a complex process that is influenced by genetic, epigenetic, and
environmental factors. As mentioned above, oxidative stress accelerates the shortening
of telomeres [67]. Additionally, some studies have demonstrated that lifestyle changes,
diet, and drug interventions can influence TL [107]. Furthermore, age and gender have
been reported to influence TL [108]. Because of the various factors that influence telomere
shortening, inclusion criteria must be carefully selected to avoid confounding factors that
increase telomere attrition. This may be a problem in elderly CKD patients, as they often
have several age-associated conditions that may also be involved in the ageing process,
such as telomere shortening and senescence [109]. Therefore, the limitations of individual
studies have to be critically evaluated when interpreting the results.

Research designs must be carefully planned and use robust and reproducible method-
ologies because many technical parameters such as storage conditions and DNA isolation
can affect the results [110,111]. The method for TL measurement should be carefully se-
lected according to the purpose of the study, considering its advantages and disadvantages.
External and internal controls should be included to ensure reproducibility and the pre-
cision of the measurements. Nowadays, qPCR is the most commonly used method for
TL measurement. Guidance and recommendations for each step based on the current
knowledge have been provided by Lin et al., along with the minimum information needed
to characterize the method used, including basic quality metrics that allow comparison of
results from different laboratories [111]. The study power may also be an issue in some
studies, as often, only a small number of patients are included in the studies, which could
lead to statistically non-significant results.

In conclusion, although TL is associated with the development and progression of
CKDs, TL alone provides only a crude estimate of the rate of ageing and, thus, can hardly
be considered a clinically important biomarker. However, together with biomarkers of
oxidative stress and genetic factors, it may help identify patients who are at an increased
risk of developing CKD and the rapid progression to kidney failure. In addition, studies on
patients with different etiologies of nephropathy are needed to clarify the extent to which
telomere shortening contributes to the development and progression of CKDs. Further
studies are needed to translate these findings into clinical practice, which could improve
the management of CKD patients.
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