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Abstract

Objectives: Bipolar disorder (BD) may be connected with accelerated aging, the marker of this
can be shorter telomere length (TL). Some data suggest that lithium may exert a protective effect
against telomere shortening. The study aimed to compare the TL between patients with BD and
control subjects. The effect of long-term lithium treatment was also assessed. Methods: The
study group comprised 41 patients with BD, including 29 patients treated longitudinally with
lithium (mean 16.5 years) and 20 healthy people. TL was assessed by the quantitative polymer-
ase chain reaction (QPCR). Results: In the control group, the TL was significantly longer in males
than in females. Male bipolar patients had significantly shorter TL compared with the control
male group. In bipolar patients, there was no correlation between TL and duration of treatment.
The TL was negatively correlated with age in male bipolar patients. Conclusions: The study did
not confirm the lithium effect on TL in bipolar patients. TL showed gender differences, being
shorter in BD males, compared to control males, and longer in healthy males, compared to
control females.

Significant outcomes: 1) male patients with bipolar disorder have shorter TL than control
male subjects; 2) negative correlation between TL and age in male bipolar patients; 3) the
TL was independent of lithium treatment in bipolar patients.

Limitations: 1) the low number of investigated subjects; 2) the material and methods in our
study was the peripheral blood leucocytes and qPCR, different than in other studies

Introduction

Bipolar disorder (BD) is a severe mental disorder with a recurrent or chronic course. The neuro-
biological underpinnings of BD are intensively studied, with proposed many biological markers,
including immuno-inflammatory processes (Leboyer et al., 2016), which may induce telomere
attrition (Squassina et al, 2019). BD is suspected of accelerated aging and cellular senescence
(Fries et al., 2017), where clinical findings show decreased life expectancy (Kessing et al., 2015)
and increased risk of cognitive impairment and dementia (Velosa et al., 2020). Furthermore,
Fries et al. (2020a) defined BD as an accelerated aging disease. The telomere length (TL) can
be a biological marker of cellular aging (Verhoeven et al, 2014; Vaiserman & Krasnienkov,
2020). Since 2006, there is increasing number of papers on TL in BD, as a biological marker
of cellular senescence (Simon et. al., 2006). The studies have found an association of shorter
mean leucocyte telomere length (LTL) with mood disorders (Simon et al, 2006) and shorter
mean LTL in BD patients compared to controls (Elvsashagen et al., 2011; Rizzo et al., 2013;
Lima et al., 2015; Fries et al., 2020a). Yu-Chi et al. (2018) in a meta-analysis including 10 studies
and more than 1000 participants observed shorter TL in BD patients compared to controls,
more pronounced in later stages of the disease and confirmed in studies using different methods.
However, the effect on LTL differs depending on pharmacotherapy, indicating longer LTL in
patients treated with lithium (Martinsson ef al., 2013; Powell et al, 2018; Coutts et al., 2019;
Pisanu et al., 2020; Fries et al., 2020b). Lithium remains the main treatment option for BD.
Many of the favorable effects of long-term lithium treatment on clinical and neurobiological
markers in the course of BD have been described (Rybakowski & Suwalska 2010; Remlinger-
Molenda et al., 2012). For instance, Squassina ef al. (2017, 2020) described the beneficial effect
of lithium treatment on TL, suggesting that lithium may exert a protective effect against telo-
mere shortening. Also, Squashina et al. (2019) and Lundberg et al. (2020), in a review paper,
described an association between low-grade inflammation in BD, mitochondrial dysfunction,
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Table 1. Clinical characteristics and telomere length [Telo/Alb] of patients with
bipolar disorder treated with lithium [Li (+)], patients not treated with lithium
[Li (=)] and control subjects

Li(+) N=29 Li(-)N=12 Control N=20
Telo/Alb 168+ 8 17.1 + 6.7 243 +12.8
*p=0.015 *p=0.18

Age 57.4 £10.5 51.3 £13.3 526 £11.1
Sex (F/M) 21/8 8/4 13/7
Male (%) 38% 50% 35%
Duration of treatment 16.5 + 12.4 124+ 4.2 -
Duration of illness 212 +119 183 +7.8 -
Lithium concentration 0.6 £0.1 - -

BD I/BD II 20/9 4/8 -

Telo/Alb - relative telomere length.

*vs control group.

Statistical significance p < 0.05.

The values of Telo/Alb, age, duration of treatment, duration of illness, and lithium
concentration are given as mean * standard deviation.

reactive oxygen species (ROS) signaling and, telomere shortening,
with the beneficial effect of lithium on mitochondrial bioenergetics
and telomere maintenance.

This study aims to compare the TL between patients with BD
with the long-term duration of illness, and age and sex-matched
control subjects. The second aim was to assess the effect of
long-term lithium treatment in this respect.

Material and methods
Subjects studied

The study group comprised 41 patients with BD treated at the out-
patient clinic of the Department of Adult Psychiatry, Poznan
University of Medical Sciences. The mean age was 55 + 6 years,
the mean duration of illness 20.4 + 10.8 years, and the mean dura-
tion of treatment 15.7 £ 10.7 years. Among the patients, the first
subgroup, Li(+), involved 29 patients (21 females, 8 males), with
mean age 57.4 £ 10.5 years, treated continuously with lithium for
3-48 (mean 16.5 + 12.4) years, with the mean duration of illness
21.2 + 11.9 years. The serum concentration of lithium was main-
tained in the range 0.5-0.8 mmol/l (mean 0.6 * 0.1). Within this
subgroup, seven patients were treated with other mood stabilisers,
including valproate (4 persons), carbamazepine (2 persons), and
lamotrigine (1 person). The second subgroup, Li(—), comprised
of 12 subjects (8 female, 4 male) treated with mood stabilisers
other than lithium for 6-18 (mean 12.4 + 4.2) years, including
valproate (4 patients), carbamazepine (3 patients), or lamotrigine
(4 patients) and 1 patient with clozapine, with no exposure
to lithium during the lifetime. The mean age in this group was
51.3 + 13.3 years, with the mean duration of illness 18.3 + 7.8 years.

The control group consisted of 20 psychiatrically healthy people
(13 female, 7 male), age, and sex-matched with the study group.
The mean age in this group was 52.6 * 11.1 years.

The characteristic of the study group was presented in Table 1.

Bipolar subjects were diagnosed with BD type I (24 subjects) or
BD type II (17 subjects). The severity of clinical symptoms and the
course of the illness were similar in the Li(+) and Li(—) groups,
however, no scale comparing the course of the illness in those
two groups was used. Within Li(+) group, 15 subjects were
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identified as excellent lithium responders and 14 subjects as partial
lithium responders.

The exclusion criteria for participants were psychiatric comor-
bidity, drug/alcohol dependence, organic brain injuries, cancer,
an acute phase of immune disease, current infection, glucose
intolerance/diabetes, or any other serious physical condition.

The study was approved by the Bioethics Committee of the
Poznan University of Medical Sciences, and all the participants
gave their informed consent after the nature of the procedures
had been fully explained to them.

Laboratory assessment

Genomic DNA was extracted from peripheral blood leucocytes
as described previously (Rubis$ et al, 2012), using a Blood Mini
DNA Isolation kit (A&A Biotechnology, Gdynia, Poland). A high
concentration sample of genomic DNA was selected, and decimal
concentrations of the sample were prepared to run as standard
curve points.

TL was assessed by the quantitative polymerase chain reaction
(qPCR) as described previously (Barczak et al., 2016). Briefly, two
pairs of primers that is telomere-specific and single copy gene-
specific (albumin) (according to Cawthon, 2009; O’Callaghan &
Fenech, 2011) were used. TL was presented relative to a single copy
gene albumin as described previously (Barczak et al., 2016). The
qPCR conditions for both primer pairs were as follows: (2.5 mM
MgCly; 0.5 pM primers, efficiency 100+/—5%). Albumin primers
were designed using Universal ProbeLibrary (Roche Diagnostics,
Indianapolis, IN, USA). The temperature profile for telomere
assessment was optimised and established: 95°C for 10 min,
followed by two cycles of 94°C for 15 sec and 49°C for 15 sec
and further 40 cycles (94°C for 10 sec, 66°C for 10 sec and 72°C
for 10 sec) with a signal acquisition. The reaction specificity
was verified using melting analysis (range, 65-95°C; resolution,
0.2°C); the melting temperature (Tm) was 81.7°C. Similarly, the
reaction conditions for albumin were as follows: denaturation
at 95°C for 10 min (hot start); followed by 45 cycles at 94°C for
10 sec, 61°C for 10 sec and 72°C for 10 sec. The Tm of the products
was 80.7°C. qPCR was performed using the LightCycler® 2.0
Instrument and the LightCycler® FastStart DNA Master SYBR
Green I kit (Roche Diagnostics).

Primer  Sequence Reference

Telg ACACTAAGGTTTGGGTTT
GGGTTTGGGTTTGGGTTAGTGT

Barczak et al. (2016)

Telc TGTTAGGTATCCCTATCCC
TATCCCTATCCCTATCCCTAACA

ALBF TTTGCAGATGTCAGTGAAAGAGA Barczak et al. (2016)

ALBR TGGGGAGGCTATAGAAAATAAGG

The melting point curve analysis was presented in Fig. 1.

Statistics

Calculations were performed using the statistical package Statistica
10.0 (StatSoft). The normality of the distribution was assessed
by the Shapiro-Wilk test. Comparison of data showing normal
distribution was analyzed using unpaired Student ¢-test, and those
not normally distributed by the non-parametric Mann-Whitney
test. To check the relationship between variables, either para-
metric Pearson’s or Spearman’s rank correlation coefficient was
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Table 2. Telomere length and correlation with age in male and female bipolar patients and healthy control subjects

Telo/Alb (relative telomere length) Li (+) N=29 Li (-) N=12 Li(+) + Li(-) N=41 Control N =20
Male 149 +5.5 20.1 £5.1 16.6 + 5.7 33.8 + 14*
(n=28) (n=4) (n=12) (n=T1)
p=0.004 p=0.15 p=0.001

Correlation with age r=-0.59 p=0.06

r=-0.98 p=0.01

r =—0.75, p=0.005 r=-033p=0.23

Female 17.7+8.8

156 £ 7.1 17.1£83 19.2 +9.1%

(n=21)

(n=29) (n=13)

p =NS

p=NS p=NS

Correlation with age r=-0.05p=NS

r=-0.17 p = NS

r=-032p=NS r=0.15p = NS

*Significantly lower telomere length in Li(+) males, p =0.004 and Li(+) + Li(—) males, p =0.001, than in control males.

#Significantly higher telomere length in control males than in control females, p = 0.01.
Statistical significance p < 0.05.

NS = non-significant.

The values of Telo/Alb are given as mean + standard deviation.

Melting Peaks

0.418-
0378
0.338-
0.298
0258
0218
0178
0.138-
0.098
0.058
0018

-(d/dT) Fluorescence (530)

66 63 70 72 74 76 78

30 82 34 86 3 30 a2 94

Temperature (°C)

Fig. 1. Qualitative verification of telomere amplicons using melting temperature assessment. Amplification of telomeric ends was performed using specific primers and the qPCR
analysis based on SybrGreen incorporation, and was followed by a qualitative analysis (melting temperature, Tm). Specificity of the products was also confirmed due to efficacy
assessment and the standard curve course that was linear in the whole range of the concentrations applied.

calculated. The significance of the correlation coefficient was tested
by the Student f-test. All results were considered significant
at p <0.05.

Results

No differences in age (p =0.13), duration of illness (p > 0.1), and
duration of treatment (p =0.27) were found between Li(+) and
Li(—) groups. In the healthy control group, the TL was significantly
higher in male than in female patients (33.8 + 14.0 vs 19.2 + 9.1;
p=0.01). Therefore, the comparisons with bipolar patients were
made separately for males and females and presented in Table 2.

Lithium-treated patients Li(+) had significantly lower TL com-
pared to controls, however, when divided into males and females,
the significance was maintained only for males. Male bipolar
patients had significantly lower TL compared with the control male
group. This pertained to the whole bipolar group (p =0.001) and
lithium-treated patients (p = 0.004). Also, there was no difference
in TL between Li(4) males and Li(—) males (p > 0.1).

In bipolar patients, there was no correlation between TL and
duration of treatment, specifically between duration of lithium
treatment in the Li(4) group (r=0.11; p = non-significant) and
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duration of treatment with other mood stabilisers in the Li(—)
group (r = —0.04; p = non-significant).

The TL was negatively correlated with age in male bipolar
patients (r = —0.75; p=0.005) as well as in Li(—) males
(r=—0.98, p=0.01).

All the participants had the number of white blood cell (WBC)
count within the normal range (median 4.86-9.14 x 10°/mm?).
There were no differences in the mean WBC count between males
and females. There was no difference in TL between bipolar
females (n =29) and control females (n = 13), p > 0.1).

All the results for TL were presented in Table 3.

Scatter dot plot for the TL comparison between the Li(+) sub-
group, Li(—) subgroup, and control individuals was presented
in Fig. 2.

Discussion
Summary of main findings

Our first finding is a longer TL in males than females in the control
group. Our second finding is that male patients with BD have
shorter TL than control male subjects. The third finding is that
in bipolar patients, the TL was independent of lithium treatment.
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Table 3. Telomere length [Telo/Alb] in all subjects studied

Patient’s no. Study group Telo/Alb Age BD type Sex
10K HC 18,41 50 F
11K HC 13,61 73 M
12K HC 20,4 61 M
13K HC 39,42 65 M
14K HC 56,48 59 M
15K HC 31,05 51 M
16K HC 29,85 51 F
17K HC 39,42 32 M
18K HC 35,89 27 M
19K HC 38,48 58 F
1K HC 13,12 43 F
20K HC 32,39 59 F
2K HC 12,43 63 F
3K HC 8,91 52 F
4K HC 12,66 54 F
5K HC 10,12 59 F
6K HC 19,56 57 B
7K HC 17,49 43 F
8K HC 19,44 41 F
9K HC 16,12 53 F
1 Li(=) 12,73 60 I F
3 Li(—) 20,84 43 Il F
12 Li(-) 18,19 51 I F
15 Li(=) 6,67 63 I F
16 Li(-) 14,76 27 I F
18 Li(=) 21,87 48 I M
21 Li(-) 23,44 46 I M
22 Li(-) 22,47 42 1l M
29 Li(-) 11,42 38 I F
41 Li(=) 12,5 70 I M
43 Li(—) 10,69 71 | F
8r Li(-) 29,49 56 I F
2 Li(+) 21,35 63 | F
4 Li(+) 11,7 55 I F
5 Li(+) 20,84 60 | F
6 Li(+) 30,4 42 I F
7 Li(+) 17,33 68 I F
9 Li(+) 11,08 57 I F
11 Li(+) 16,17 62 I F
13 Li(++) 8,57 60 I F
14 Li(+) 33,38 68 I F
17 Li(+) 24,53 45 | M
19 Li(+) 20,9 60 I M
(Continued)
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Table 3. (Continued)

Patient’s no. Study group Telo/Alb Age BD type Sex

20 Li(+) 17,54 51 I M
24 Li(+) 20,9 68 I F
25 Li(+) 10,46 69 I M
26 Li(+) 11,99 48 Il F
27 Li(+) 11,08 49 I M
28 Li(+) 11,99 27 I F
30 Li(+) 8,19 67 I F
31 Li(+) 11,08 58 Il F
32 Li(+) 11,05 60 Il M
34 Li(+) 8,19 67 I F
37 Li(+) 11,18 54 I F
38 Li(+) 9,82 68 I M
40 Li(+) 13,61 68 I M
42 Li(+) 13,94 65 Il F
33r Li(+) 33,59 2 I F
35r Li(+) 31,05 52 I F
36r Li(+) 28,19 67 I F
39r Li(+) 11,39 45 I F

Li(+) - lithium-treated patients.

Li(—) - patients treated with mood stabilisers other than lithium.
HC - healthy controls.

F - females; M - males.

Telo/Alb - telomere length.

BD - bipolar disorder.

Lithium and non-lithium-treated patients had similar TL, while
male patients had significantly shorter TL than control males.
The last observation in our study is a negative correlation between
TL and age in male bipolar patients, as well as in Li(—) males.

Relevance to the existing literature

The first finding corresponds with the results of Adams et al.
(2007) who found longer mean TL in men than women in a group
of 318 healthy participants. On the other hand, Gardner et al.
(2014), in a meta-analysis including 36 cohorts on sex differences
in TL in humans, found longer TL in females than males. However,
the authors stated that the size of the difference varies by measure-
ment methods, where only Southern blot, but neither RT-PCR nor
flow-FISH shows a significant difference. Similar results, indicating
longer TL in females were described by Benetos et al. (2001).
Regardless of replicated observations, that male telomeres shorten
faster (Aviv et al. 2005), there are many confounding indicators,
including cardiovascular or neurodegenerative factors, which are
often more prevalent in males, that influence the relationship
between sex, telomere shortening, and lifespan (Aviv et al,
2005; Barrett & Richardson, 2011).

Our second original observation includes gender-specific effect
on TL. The results of the studies conducted so far indicate telomere
shortening in the whole group of patients with BD, compared to
the control group. In some of these studies, no significant effect
of gender was noticed. For example, Lima et al. (2015) reported
shorter TL in 85 BD patients compared to controls. Elvsashagen
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Fig. 2. Scatter dot plots for the relative telomere length (RTL) comparison between the studied group and control individuals. RTL was assessed as demonstrated in the Material
and Methods section, that is relative o single copy gene, albumin. Li(+) - open circles; Li(—) - color circles; control subjects - squares.

et al. (2011) reported shorter telomeres in BD and its association
with the number of depressive episodes in BD type II. Huang et al.
(2018) in the meta-analysis including a total of 579 patients and
551 controls found significantly shorter LTL in BD patients, which
was more significant in late stages of BD. In contrast to our study,
Rizzo et al. (2013) found shorter TL in 22 euthymic female BD-I
patients compared to controls. Our observation corresponds with
findings on gender-specific telomere dynamics (Barrett &
Richardson, 2011), where males are more vulnerable to telomere
shortening due to pathogenetic factors. At birth, there are no
sex differences in TL, but during the lifespan, men tend to have
shorter telomeres than women, indicating that men telomeres
shorten faster. One of the potential explanations relates to oxida-
tive stress (Liu et al., 2002) and different sex hormones antioxidant
potential, where testosterone, contrary to estrogen, has no such
effect (Alonso-Alvarez et al., 2007). However, in our study, control
males had longer TL than control females.

BD is considered as a low-grade inflammatory state, character-
ised by increased, among others, levels of pro-inflammatory cyto-
kines and acute-phase proteins, together with disturbances in
immune-inflammatory, oxidative, and nitrosative stress and met-
abolic pathways (de Melo et al, 2017). Also, Maes et Carvalho
(2018) proposed a novel concept of the pathophysiology of BD,
called compensatory immune-regulatory reflex system, where
signs of its activation are also present in remission of the disease.
Squassina et al. (2019) described a bidirectional association
between pro-inflammatory state and telomere dysfunction in
mood disorders. Furthermore, Palmos et al. (2020) found an effect
of cell aging on gene networks related to neurogenesis, telomere
maintenance, cell senescence, and cytokine production, and also
overlap between downregulated transcripts and genes regulating
cognitive function and risk for BD. On the other hand, Colpo et al.
(2015) in a meta-analysis of TL studies found no difference in TL
between BD patients and healthy controls, however in meta-
regression analyses, age and gender matching of BD and healthy
participants, as well as the type of the assay, were factors that
might contribute to the heterogeneity. Taking into account the
above data, it can be hypothesised that men with BD are
more prone to telomere attrition, which may be related to
immune-inflammatory underpinnings of BD and less effective
compensatory mechanisms.

Regarding the third observation, it is contrary to results
obtained by several other research groups, indicating increased
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TL during lithium treatment. For example, Martinsson et al.
(2013) found that in the group of 256 bipolar patients, in those
treated with lithium, TL was 35% longer compared with controls.
BD patients responding well to lithium treatment had longer
telomeres than non-responders. Powell et al. (2018), in the study
of bipolar patients and first-degree relatives, found that TL was
shorter in relatives and patients with BD not treated with lithium,
compared with lithium-treated patients. Pisanu et al. (2020) found
longer LTL in lithium-treated patients, compared with patients
never treated with lithium. Squassina et al. (2020) reported longer
TL in BD patients and an association between duration of treat-
ment with mood stabilisers with longer TL. However, some
researchers described the beneficial effect of other mood stabilisers
on epigenetic aging. For example, Okazaki et al. (2020) found
decelerated epigenetic aging in patients with BD treated with
lithium carbonate, sodium valproate, and carbamazepine. Also,
a genetic variation aspect might be important, where Wei et al.
(2016) found that some telomerase reverse transcriptase
(hTERT) allele was associated with the number of depressive
episodes in BD-I patients responding well to lithium.

The last observation in our study may correspond to Huang
et al. (2018) who described more pronounced TL shortening in
the late stages of BD. Also, Kose Cinar (2018) described shorter
TL in later stages of BD, compared to early stages and controls
(Kose Cinar, 2018). However, Barbe-Tuana et al. (2016) found sig-
nificantly shorter TL in both early and late stages of BD. On the
other hand, in bipolar patients, we found no correlation between
TL and the duration of the illness and the treatment. This is in line
with the results of Hartmann et al. (2010) who found that TL was
shortened but independent from therapy in patients with mood
disorders. Also, other researchers described no association between
TL and clinical characteristics, including duration of illness
(Elvsashagen et al, 2011; Aas et al, 2019). In contrast to this,
Martinson et al. (2013) found that TL correlated positively with
the duration of lithium treatment of >30 months, and Squasina
et al. (2016) found a positive correlation between TL and lithium
treatment lasting more than 2 years. Also, Squassina et al. (2020)
reported that the duration of treatment with mood stabilisers other
than lithium was associated with longer TL.

Our study adds evidence to the hypothesis that BD might be
associated with accelerated aging, however, such effect was
gender-specific, being observed in male patients. In other studies,
the duration of lithium treatment was shorter than in our research


https://doi.org/10.1017/neu.2021.20

304

(mean 16.5 + 12.4 years). In the study of Fries et al. (2020b), the
lymphoblastoid cell lines were exposed to lithium for 7 days
(however it is considered to mimic a chronic treatment with lith-
ium in patients), and the positive effects of lithium were described
for the treatment exceeding 30 months (Martinson et al., 2013) and
2 years (Squassina et al., 2017). It is known that the lithium effect
slightly decreases over years, therefore, additional studies would be
needed with lithium treatment beyond 10 years.

The implications for future research

Further research is needed in the field of telomere dynamics in BD,
where in-depth and extended analyses, including immune-inflam-
matory system, genetic and epigenetic factor, sex differences, and
others like childhood trauma (Aas et al., 2019) are indicated. Also,
more detailed studies concerning TL and pharmacotherapy are
required, including, among others, the magnitude of prophylactic
lithium response, the course, and severity of the illness, and the
duration of the treatment. Also, studies in siblings of BD patients
are warranted, where features of accelerated aging may be consid-
ered as endophenotypic traits (Vasconcelos-Moreno et al,, 2017).
Further studies on TL length as a novel aspect of BD pathophysi-
ology would bring promising results, with developing new
interventions and treatment targets addressing the telomere-
telomerase system (Muneer, 2019; Muneer & Minhas, 2019).

The strengths and the limitations of this study

The main limitation of the study is the low number of investigated
subjects. However, the strength of the study relates to a well-
defined population of bipolar patients receiving long-term prophy-
lactic lithium treatment (mean 16.5 years). Furthermore, the
material in our study was the peripheral blood leucocytes, and
the method was qPCR. In some other studies, peripheral blood
mononuclear cells, lymphoblastoid cell lines, or Southern blot,
(qFISH) were used, which might influence the interpretation of
the results. Methodological issues require additional clarification,
due to various strengths and limitations related to each technique.
Noteworthy, historically, the first method to assess TL was
Southern blot (terminal restriction fragment), which is still recog-
nised as the gold standard to show an average TL and includes
restriction analysis of the terminal chromosome ends but requires
a considerable amount of DNA (Kimura et al., 2010). Alternatively,
some more sophisticated methods were also elaborated and could
be divided into two groups that is enabling mean TL assessment or
evaluation of the length of individual chromosome telomeric ends
(Kahl et al., 2020). Both types of methods bring some important
information on the mechanisms that underlie metabolic changes
not only in TL but also in other areas including stress response,
aging, or genomic stability. The telomere length combing assay
(TCA) is based on the assessment of the quality and integrity of
stretched DNA fibers that require a microscope. An alternative
assay, semi-automated image analysis for TCA, enables semi-
automatic detection and size annotation of telomere fiber signals
using peptide nucleic acid probes (Kahl et al., 2020). It is one of
the newest methods and still requires significant development
but it is believed to provide the measurement of chromosome-
specific telomeres, and the combined use of variant telomere repeat
probes as an indicator of telomere directionality and integrity.
In turn, Q-FISH shows mean TL as well as enables detection of
individual TLs with the use of fluorescently labeled probes (Lai
et al, 2018). Alternatively, telomere shortest length assay
allows sensitive, efficient, and specific TL detection when directly
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compared to other methods for TL measurement. It engages
image-processing software that automatically measures TL after
Southern blot analysis that enables assessment of telomere dynam-
ics in aging, cancer progression, and telomere-related disorders
(Lai et al,, 2017). Another innovative method is the single telomere
length analysis (STELA), with its modified version, Universal
STELA (U-STELA), that was designed to distinguish the shortest
telomeres on individual chromosomes. However, U-STELA is not
efficient in detecting TL over 8 kb affecting the detection and accu-
racy of TL distribution. Finally, one of the most common methods
is quantitative PCR (qPCR) that has been broadly adopted for
clinical and epidemiological studies, and benefits from its technical
simplicity and the requirement for small amounts of DNA,
but produces variable results (Cawthon, 2002; Lai et al., 2018).
Additionally, it only provides relative TL quantitation. Overall,
even if all the methods have some limitations, in general they
are all perceived as methods that give comparable results.
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