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ABSTRACT
Background: People with intellectual disability suffer complex challenges due to adaptive functioning limitations, high rates 
of chronic diseases and shortened lifespans compared with the general population. Telomere shortening is a hallmark of ageing, 
and short telomeres are linked to neurological disorders. The main objective of this systematic review and meta- analysis was 
to identify any differences in telomere length and the rate of telomere attrition in leukocytes and fibroblasts from people with 
intellectual disability and controls.
Methods: PubMed, Scopus and ScienceDirect were searched. Articles that compared telomere length in individuals with intel-
lectual disability to apparently healthy age- matched controls were included. Risk of bias was assessed using the AXIS tool and 
data were analysed using CMA.
Results: Fifteen studies comprised of 17 comparisons provided data and were included in meta- analyses. Compared with healthy 
controls (N = 481), people with intellectual disability (N = 366) from a known genetic syndrome (Cri du chat, Down, Hoyeraal–
Hreidarsson, Williams or Nicolaides–Baraitser) possessed shorter leukocyte telomeres (SMD: −0.853 [95% CI: −1.622 to −0.084], 
p = 0.03). Similarly, relative to controls (N = 16), people with syndromic intellectual disability (N = 21) possessed shorter fibroblast 
telomeres (−1.389 [−2.179 to −0.599], p = 0.001). Furthermore, people with syndromic forms of intellectual disability also demon-
strated a faster rate (2.09- fold) of telomere shortening.
Conclusions: Consistent with epidemiological findings on mortality and morbidity risk, people with syndromic intellectual 
disability appear to undergo a faster rate of biological ageing compared to the general population. These findings emphasise the 
need for healthy ageing lifestyle (i.e., exercise and stress management) and therapeutic interventions for people with syndromic 
intellectual disability.
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1   |   Introduction

People with intellectual disability exhibit cognitive impair-
ments (intellectual quotient < 70) and face challenges with 
adaptive functioning (e.g., social skills, abstract thinking, 
planning, communication and many activities of daily liv-
ing) that precipitates during the early developmental period 
(American Psychiatric Association 2013). The severity of in-
tellectual disability is assessed from mild to profound across 
three domains: conceptual, social and practical (American 
Psychiatric Association  2013). Although acquired brain in-
jury, chromosomal trisomy and some rare genetic syndromes 
cause intellectual disability, the aetiology of most patients 
remains unclear (e.g., in utero grown restriction and germ-
line de novo mutations) (Patel et al. 2020; Vissers et al. 2016). 
Considering that aetiology are often unknown and the current 
medical technology is limited, treatment remains scarce for 
individuals with intellectual disability. Therefore, therapeutic 
efforts involve modifying the environment, providing support 
and life skills to mitigate impairments and enable them to 
thrive to the best of their abilities.

This can, however, be challenging regarding the high preva-
lence of chronic and complex health concerns. Indeed, people 
with intellectual disability suffer more physical and mental 
health conditions—that manifest at an earlier age—than people 
from the general population (Cooper et al. 2015; Van Den Bemd 
et  al.  2022; Van Schrojenstein Lantman- De Valk et  al.  2000). 
Most people with intellectual disability over the age of 50 years 
(80%) will suffer multiple chronic conditions (Hermans and 
Evenhuis  2014). Despite progress in life expectancy of people 
with intellectual disability in recent years, these individuals 
appear to experience premature biological ageing that culmi-
nates in early death (Florio and Trollor 2015; Trollor et al. 2017). 
Consistent with observations from the United Kingdom (Heslop 
et al. 2014; Tyrer et al. 2007), work from Australia highlighted 
that the median age of death (interquartile range) of individuals 
with intellectual disability was 54 (42–64) years, significantly 
lower than those from the general population—81 (70–92) years 
(Trollor et al. 2017). For example, people with intellectual dis-
ability suffered a higher death rate from potentially avoidable 
diseases (31%) compared with the general population (17%), 
circulatory disease being the highest contributor (Trollor 
et  al.  2017). Although the genetic and environmental factors 
contributing to the early death of those with intellectual dis-
ability compared with the general population are unclear, mit-
igating them will be a crucial goal to address the inequalities in 
health and life expectancy.

Telomere shortening is a hallmark of ageing (Chakravarti 
et  al.  2021; Lopez- Otin et  al.  2023), and short telomeres 
are linked to several chronic diseases (e.g., heart disease 
[Brouilette et al. 2007; Haycock et al. 2014; Ogami et al. 2004; 
Willeit et  al.  2010]; dementia and Alzheimer's disease [Forero 
et  al.  2016; Honig et  al.  2012; Topiwala et  al.  2023]; and obe-
sity [Mundstock et al. 2015; Zannolli et al. 2008])—comorbidi-
ties that are often observed in those with intellectual disability 
(Antonarakis et al. 2020; Hermans and Evenhuis 2014; Trollor 
et al. 2017). Telomeres are a repeat DNA sequence at the distal 
ends of chromosomes that, together with the shelterin protein 
complexes, maintain genomic stability (Blackburn et  al.  2015; 

Lim and Cech 2021). Recent discoveries have demonstrated the 
clinical utility and the importance of telomere- based therapies 
for extending health and lifespan, such that telomere- targeted 
gene therapies are currently demonstrating promise in treating 
age- related diseases in rodent studies (Bar et al. 2016; Bernardes 
De Jesus et  al.  2012; Martinez and Blasco  2017; Povedano 
et al. 2018), including heart (Yeh et al. 2019) and neurodegenera-
tive diseases (Whittemore et al. 2019). Given the increased prev-
alence of age- related diseases (Cooper et al. 2015; Van Den Bemd 
et  al.  2022; Van Schrojenstein Lantman- De Valk et  al.  2000) 
and premature death in individuals with intellectual disability 
(Heslop et al. 2014; Trollor et al. 2017; Tyrer et al. 2007), the pur-
pose of this systematic review was to examine the association 
between intellectual disability and telomere length and telomere 
shortening.

2   |   Methods

2.1   |   Search Strategy and Selection Criteria

This systematic review and meta- analysis was conducted 
according to the PRISMA guidelines. The study proto-
col was prospectively registered with PROSPERO (ID: 
CRD42023394008). This study was a systematic review and 
meta- analysis designed to answer the following questions: (1) 
‘Is the average telomere length different between those with 
intellectual disability and age- matched apparently healthy 
controls?’ (2) ‘Is the rate of telomere length change over time 
accelerated in individuals with an intellectual disability com-
pared to apparently healthy controls?’ Finally, (3) ‘are there 
any differences in telomere length between intellectual dis-
ability diagnostic categories?’

Author JD searched three electronic databases (PubMed, Scopus 
and ScienceDirect) for relevant literature using the registered 
hierarchical search strategy (commenced on 17/2/23 and con-
cluded on 28/2/23). During the review process (28/2/25), the 
search was repeated to retrieve relevant papers published be-
tween 2023 and 2025. PubMed was searched with ‘intellectual 
disability’, ‘telomere’ and ‘telomere shortening’ as a Mesh head-
ing (mh). Searches were used with a combination of Boolean 
operators, ‘AND’ and ‘OR’ the following terms: intellectual dis-
ability, neurodevelopmental disorder, intellectual impairment, 
Down syndrome, trisomy, dyskeratosis congenita, Hoyeraal–
Hreidarsson (HH) syndrome, Revesz syndrome, telomere, 
telomere length and telomere shortening. The Scopus search in-
volved filters for document type (article), source type (journal) 
and language (English), whereas filters for research articles, 
case reports and short communications applied to ScienceDirect 
searches (File S1). As an example, the following searches were 
performed in Scopus: ‘Intellectual disability’ AND ‘telomere 
length’; ‘telomere length’ OR telomere OR telomeres OR ‘telo-
mere shortening’ AND ‘intellectual disability’; ‘Intellectual 
disability’ OR ‘neurodevelopmental disorder’ OR ‘intellectual 
impairment’ AND ‘telomere length’; ‘Intellectual disability’ OR 
‘neurodevelopmental disorder’ OR ‘intellectual impairment’ 
AND telomere; ‘Down syndrome’ OR trisomy OR ‘intellectual 
disability’ AND ‘telomere length’; ‘dyskeratosis congenita’ OR 
‘Hoyeraal–Hreidarsson syndrome’ OR ‘Revesz syndrome’ AND 
‘intellectual disability’ AND ‘telomere length’.
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Records were exported from electronic databases and managed 
in Endnote (version X9.3.3), screened by author JD according to 
the inclusion/exclusion criteria and independently confirmed 
by author SH. Conflicting findings were resolved by discus-
sion until agreement. Title and abstract were initially screened 
before full- text version of included studies were read in full 
and assessed. The reference lists of eligible studies were also 
reviewed to source additional papers. Records were screened 
according to the following criteria: cross- sectional studies, 
case–control studies, case studies (that included an age-  
and sex- matched neurotypical control/s) and cohort studies 
(Criterion 1). Prospective studies, as well as randomised con-
trolled and crossover trials, were also eligible if they included 
an apparently healthy (neurotypical) control group. Conference 
proceedings, abstracts, books and other published works that 
were not necessarily peer- reviewed were not included in this 
review. Participants with an intellectual disability, diagnosed 
by a qualified health professional according to the DSM- 5 or 
individuals with a neurodevelopmental disorder that causes a 
cognitive impairment or disability (e.g., Down syndrome and 
Hoyeraal–Hreidarsson syndrome) were required to confirm 
the diagnosis of intellectual disability (Criterion 2). Since the 
symptoms of dyskeratosis congenita vary and not all patients 
exhibit intellectual disability, we restricted the inclusion of 
telomere biology disorders (aka telomeropathies or telomere 
syndromes) to HH syndrome, as intellectual disability is a 
typical trait (Aalfs et al. 1995; Glousker et al. 2015; Hoyeraal 
et al. 1970; Hreidarsson et al. 1988). Studies that included the 
analysis of unborn foetuses (e.g., with trisomy) were excluded 
from this systematic review and meta- analysis, as foetal tissue 
expresses relatively high telomerase activity compared with 
adult cells (Bekaert et al. 2004). Studies must have included ap-
parently healthy individuals without a diagnosed intellectual 
disability age- matched to the cases with intellectual disability, 
as indicated by a lack of statistical significance between the age 
of cases and controls (Criterion 3). Researchers were asked to 
share individual data when it was unclear if they were age-  and 
sex- matched. In these cases, they were confirmed, modified to 
meet the eligibility criteria (age- matched) or excluded from the 
analyses. Studies must have measured telomere length and/or 
rate of telomere length changes over time expressed in arbi-
trary or absolute units (e.g., kilobase pairs or nucleotides) as-
sessed using molecular biology techniques (e.g., quantitative 
PCR, fluorescence in  situ hybridisation [FISH], terminal re-
striction fragments [TRF] measured by Southern blot and DNA 
methylation–based estimator of telomere length [DNAmTL]) 
(Criterion 4). Studies were excluded if they did not measure 
telomere length, if cases and controls were not age- matched, 
if telomere length data were missing or unavailable after mul-
tiple email requests to the authors, or if they were compared 
with a reference population (pay- for- service company). This 
was to ensure consistency in telomere length measurements 
and avoid batch effects. Eligibility concerns were resolved by 
discussion.

2.2   |   Data Processing

Data were extracted from eligible studies by JD. Data ex-
traction was verified by author SH, and conflicting findings 
were resolved by discussion until agreement. Extracted data 

consisted of mean and standard deviation (SD) of telomere 
length and/or rate of telomere length changes over time (pri-
mary outcomes), along with frequencies and median and in-
terquartile range for other variables: participant numbers, age, 
biological sex (male or female) of cases and controls. We also 
attempted to extract height and weight and obtain disaggre-
gated data for males and females, yet these data were miss-
ing or unavailable in most studies. The citation, study design, 
tissue sample/s analysed and telomere length quantification 
method were also obtained (summarised in Table  1). When 
data were missing or uncertainty surrounded the eligibility 
of the work, an email request was sent to the corresponding 
author on two separate occasions (several weeks apart) to con-
firm and/or share individual patient- level data. If data were 
still unavailable (i.e., if the researcher no longer possessed the 
files), it required age- matching cases and controls, and if it was 
feasible, Plot Digitizer (version 2.6.9) was used for data acqui-
sition (Du et al. 2007; Holmes et al. 2006; Kimura et al. 2005; 
Vaziri et al. 1993). Papers that met the eligibility criteria but 
had missing, or duplicate data were referenced but not in-
cluded in analyses. The PRISMA flow diagram is displayed in 
Figure S1. The main outcome measure was telomere length ex-
pressed in arbitrary units (e.g., telomere [T] to single copy gene 
(S) ratio—T/S ratio) or kilobase pairs (kbp)/nucleotides (nt).

2.3   |   Risk of Bias

Risk of bias was assessed using the appraisal tool for cross- 
sectional studies (AXIS) (Downes et al. 2016), as studies must 
have included cross- sectional analyses between individuals with 
intellectual disability and controls. This was independently per-
formed by authors JD and JB. Studies were not excluded based 
on their risk of bias. The overall risk of bias (total possible score 
of 60) was assessed by 20 criteria, ranging from high, unclear or 
low risk of bias, scored 3, 2 and 1, respectively. Overall study risk 
of bias was presented.

2.4   |   Analyses

The primary data analysis aimed to compare telomere length 
between individuals with intellectual disability and healthy 
age- matched controls, and several preplanned secondary anal-
yses were performed as per our prospective PROSPERO reg-
istration (CRD42023394008). Specifically, meta- regression 
was performed to examine moderating relationships between 
categorical covariates (diagnosis, telomere length assessment 
method and developmental stage—early and middle childhood, 
adolescence and adults) and effect sizes. All data were analysed 
using Comprehensive Meta- Analysis (version 4). Since data 
from three manuscripts were included for fibroblasts and to 
improve the generalisability of the leukocyte findings, we used 
fixed and random effects meta- analyses, respectively. Effect 
size estimates were expressed as the standardised difference in 
the mean with 95% confidence intervals. Heterogeneity was as-
sessed using I2 and Q- statistics (k [number of studies] − 1 degree 
of freedom)—large I2 and Q- values indicated high heterogene-
ity. Publication bias was assessed using funnel plots. Data were 
visualised using GraphPad Prism. Statistical significance was 
set at p < 0.05.
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3   |   Results

3.1   |   Search Results

Figure S1 outlines the search strategy according to PRISMA. The 
search identified 5165 records, which included 3267 duplicates that 
were deleted. The title and abstract of 1898 articles were screened 
according to our inclusion criteria, and 1815 were subsequently 
removed because of ineligibility. The full texts of the remaining 83 
articles were downloaded and read in full to assess their eligibility, 
and 59 articles were subsequently excluded, leaving 24 (Figure S1). 
An additional 24 records were identified from the bibliography 
of the 83 articles, which were retrieved and read in full. Twenty- 
one were ineligible. Twenty- seven manuscripts were eligible for 
inclusion in this systematic review, and meta- analyses data were 
available or obtained from 15 studies, involving 17 comparisons. 
Studies where data were unavailable or concerns around data rep-
lication occurred are summarised in Table S1. The updated search 
did not reveal any additional articles that met the inclusion criteria 
for this systematic review and meta- analysis (Figure S2).

3.2   |   Study Characteristics

Data from 15 studies composed of 17 comparisons were available 
or obtained from the researchers. Of these, 12 studies examined 
leukocytes (whole blood or PBMCs) (Bhattacharya et  al.  2020; 
Bhaumik et al. 2017; Du et al. 2007; Holland et al. 2022; Holmes 
et al. 2006; Lamm et al. 2009; Norris et al. 2021; Okazaki et al. 2022; 
Shinko et al. 2022; Vaziri et al. 1993; Wenger et al. 2014; Zhang 
et al. 2003). One analysed fibroblasts (Kimura et al. 2005), and two 
analysed fibroblasts and leukocytes (Kimura et al. 2005; Touzot 
et al. 2012). Studies were published between 1993 and 2022 and 
were from the United States (Du et al. 2007; Kimura et al. 2005; 
Wenger et  al.  2014), the United Kingdom (Holmes et  al.  2006; 
Norris et al. 2021), Sweden (Zhang et al. 2003), Norway (Holland 
et al. 2022), Japan (Okazaki et al. 2022; Shinko et al. 2022), Israel 
(Lamm et  al.  2009), India (Bhattacharya et  al.  2020; Bhaumik 
et al. 2017), France (Touzot et al. 2012), Canada (Vaziri et al. 1993) 
and Brazil (De Arruda Cardoso Smith et  al.  2004). Participants 
were individuals with genetic syndromes (Cri du chat syndrome 
[Du et  al.  2007; Holland et  al.  2022; Zhang et  al.  2003]; Down 
syndrome [Bhattacharya et  al.  2020; Bhaumik et  al.  2017; De 
Arruda Cardoso Smith et  al.  2004; Holmes et  al.  2006; Kimura 
et al. 2005; Vaziri et al. 1993; Wenger et al. 2014]; HH syndrome 
[Lamm et al. 2009; Norris et al. 2021; Touzot et al. 2012]; Williams 
syndrome [Okazaki et  al.  2022]; or Nicolaides–Baraitser syn-
drome [Shinko et al. 2022]) that cause intellectual disability and 
age- matched apparently healthy controls. Since age- matched par-
ticipants were required, data from 371 people with intellectual dis-
ability and 486 healthy controls were used in analyses. Six studies 
included female and male participants with intellectual disability, 
one included males only, and the biological sex of the other eight 
were unclear. The biological sex of healthy controls was unclear 
in 10 studies, four included male and female volunteers, and one 
only involved males. The average age of participants ranged from 
newborns (Wenger et  al.  2014) to 31.6 ± 17.9 years (De Arruda 
Cardoso Smith et  al.  2004). Seven studies used Southern blot 
(Bhattacharya et al. 2020; Bhaumik et al. 2017; Holmes et al. 2006; 
Kimura et al. 2005; Lamm et al. 2009; Touzot et al. 2012; Vaziri 
et al. 1993)—the current gold standard—for measuring telomere 

length, four used fluorescence in  situ hybridisation (FISH) ex-
periments (De Arruda Cardoso Smith et al. 2004; Du et al. 2007; 
Wenger et al. 2014; Zhang et al. 2003), three used Illumina arrays 
(EPIC or 450K) (Holland et al. 2022; Okazaki et al. 2022; Shinko 
et al. 2022) to estimate telomere length from DNA methylation sta-
tus, and one used high- throughput single telomere length analysis 
(HT- STELA) (Norris et al. 2021).

3.3   |   Risk of Bias

Figure 1 illustrates the risk of bias for each study according 
to the AXIS tool. Overall, studies included in meta- analyses 
exhibited an average risk of bias of 29.8 ± 4.8 out of a possi-
ble score of 57. Because of the nature of the work, Criterion 
14 was not applicable (Downes et al. 2016). All studies exhib-
ited low risk of bias for study design, defined target popula-
tion and justified discussion/conclusions (Criteria 2, 4 and 17, 
respectively). The bias of all studies was unclear for criteria 
pertaining to nonresponders (7 and 13), because of a lack of 
information (Figure 1).

3.4   |   Shorter Leukocyte Telomeres in Individuals 
With Syndromic Intellectual Disability Compared 
With Controls

The meta- analysis included fourteen studies comprised of 16 
comparisons of leukocyte telomere length between individuals 
with intellectual disability and healthy controls (N = 366 and 
481, respectively). The meta- analysis indicated that individuals 
with intellectual disability possessed shorter leukocyte telo-
meres compared with controls (SMD [95% CI]: −0.853 [−1.622 
to −0.084], Z = −2.173, p = 0.03; Figure 2). The studies showed 
considerable heterogeneity with I2 and Q- values 95% and 318.30 
(p < 0.001), respectively. The funnel plot indicated the possibility 
of publication bias, as 11 of 15 studies deviated markedly from 
the centre (Figure S3). Meta- regression indicated that diagnosis 
alone explained 39% of the variance, which was increased to 52% 
when developmental stage was included as a covariate. Meta- 
regression indicated that telomere length assessment method, 
diagnosis and developmental stage had a statistically signifi-
cant influence on the magnitude of the effect size (all p < 0.05; 
Table S2). Subgroup analysis indicated that HH only, as well as 
individuals with syndromic intellectual disability without the 
HH and DS patients (i.e., Nicolaides–Baraitser, Williams and Cri 
du chat syndrome people only), had shorter telomeres than age- 
matched controls (Table S3). The other subgroups did not show 
statistically significant differences in telomere length between 
individuals with syndromic intellectual disability and controls 
(all p > 0.05). All subgroup analyses demonstrated large hetero-
geneity, according to I2 and Q- statistics.

3.5   |   Shorter Fibroblast Telomeres in Individuals 
With Syndromic Intellectual Disability Compared 
With Controls

Three studies examined fibroblast telomere length from individ-
uals with intellectual disability and healthy controls (N = 21 and 
16, respectively) (De Arruda Cardoso Smith et al. 2004; Kimura 
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et al. 2005; Touzot et al. 2012). This meta- analysis also indicated 
that individuals with intellectual disability possessed shorter fi-
broblast telomeres compared with healthy controls (SMD [95% CI]: 
−1.389 [−2.179 to −0.599], Z = −3.445, p = 0.001; Figure 3). These 
studies also showed marked heterogeneity (Q = 12.058, p = 0.002).

3.6   |   Accelerated Telomere Attrition in Individuals 
With Syndromic Intellectual Disability

Three investigations calculated the age- related telomere short-
ening in individuals with Down syndrome (Bhattacharya 
et  al.  2020; Vaziri et  al.  1993) and HH syndrome (Norris 
et  al.  2021) compared with healthy controls. This was per-
formed by conducting linear regression to generate an annual 
rate of telomere shortening estimate. Relative to healthy controls 
(N = 299), individuals with intellectual disability (n = 84) exhib-
ited a 2.09- fold (± 0.87) accelerated rate of annual leukocyte 
telomere shortening (−77 ± 49 vs. −35 ± 10; Figure 4).

4   |   Discussion

Despite decades of progress in modern societies, the health and 
well- being inequalities remain a critical issue for individuals 
with intellectual disability. Our novel findings emphasise that 
individuals with syndromic genetic conditions with intellectual 
disability possess shorter telomeres (leukocyte and fibroblast) 
compared with age- matched healthy controls (large effect sizes). 
The shorter telomeres in individuals with intellectual disability 

syndromes are possibly, at least partly, explained by a faster rate 
of annual telomere shortening. The heterogeneity of the intellec-
tual disability syndrome cohort, consistency between cell types, 
unique effects of covariates (diagnosis, developmental stage and 
telomere length method) and the biological interpretation of the 
findings are profound.

The five syndromes included in this study all commonly 
exhibit some level of intellectual disability, yet they have 
distinct genetic aetiologies. This offers an opportunity to ex-
amine the genetic contribution responsible for short telomeres. 
Alternatively, shared lifestyle factors, such as inactivity, diet 
and psychosocial concerns, may accelerate telomere attrition 
independently or in combination with genetic vulnerabilities 
and requires further investigation. Typically, individuals with 
intellectual disability suffer more ailments (Cooper et al. 2015; 
Van Den Bemd et  al.  2022; Van Schrojenstein Lantman- De 
Valk et al. 2000) and earlier death (Heslop et al. 2014; Trollor 
et al. 2017; Tyrer et al. 2007). Physical activity levels amongst 
adults with intellectual disability are much lower than the 
general population (Borland et al. 2020; Dairo et al. 2016). For 
instance, a systematic review indicated that only 9% of adults 
with intellectual disability met the minimum physical activity 
guidelines (Dairo et al. 2016). Furthermore, cardiorespiratory 
fitness levels of those with intellectual disability are typically 
well below average (Boer and Moss  2016; Oviedo et  al.  2014; 
Rimmer et al. 2004; Tsimaras et al. 2003) compared with nor-
mative data (Kaminsky et al. 2022). This is an important point 
since exercise training and cardiorespiratory fitness are as-
sociated with longer leukocyte telomeres (Denham, O'Brien, 

FIGURE 1    |    Risk of bias. Risk of bias was assessed using the AXIS tool. CoI, conflict of interest. Green = low risk (1); yellow = unclear (2); 
red = high risk (3); black = not applicable. Each criterion from the AXIS tool is provided in parentheses.
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Prestes, et  al.  2016; Kumar et  al.  2021; Larocca et  al.  2010; 
Shin and Kim 2023). Comorbidities in adults with intellectual 
disability commonly include heart disease, Type 2 diabetes 
and mental health concerns (Antonarakis et al. 2020; Cooper 
et al. 2015; Van Den Bemd et al. 2022)—conditioned linked to 
short leukocyte telomeres (Brouilette et al. 2007; Chakravarti 
et al. 2021; Honig et al. 2012; Rossiello et al. 2022). Importantly, 
lifestyle interventions, such as increasing physical activity and 
exercise, are accessible and relatively inexpensive strategies 
that reduce the risk of conditions linked to telomere short-
ening and are associated with telomere length maintenance 
(Denham  2023; Denham, O'Brien, and Charchar  2016; Kim 
et al. 2023). A salient point from the results of the present meta- 
analysis is that it would be important to provide more support 
for people with intellectual disability syndromes to combat ac-
celerated biological ageing and maximise their life enrichment 
and well- being.

Individuals with intellectual disability in this meta- analysis 
were comprised of five syndromes with known genetic aberra-
tions (i.e., Cri du chat, Down, Nicolaides–Baraitser, Williams 
and HH syndromes). Regarding the latter, it was not unexpected 
to find much shorter telomeres in leukocytes and fibroblasts 
(Touzot et al. 2012), as HH is the most severe form of the telomere 
biology disorder, dyskeratosis congenita (Glousker et al. 2015). 
The disease causes early death in infancy and ranging clinical 
characteristics owing to critically short and dysfunctional telo-
meres that ultimately leads to bone marrow failure (Niewisch 
et  al.  2022; Ozdemir et  al.  2004). Short telomeres in HH are 
caused by mutations in genes telomere- binding proteins, those 
directly responsible for telomere length regulation (TINF2, ACD, 
RTEL1 and PARN) or telomerase- mediated telomere synthesis 
(i.e., its protein or RNA components—DKC1, TERT and TERC) 
(Revy et  al.  2023). Convincing evidence supports rare autoso-
mal dominant, x- linked and autosomal recessive mutations as 

FIGURE 2    |    Forest plot of leukocyte telomere length differences between individuals with intellectual disability and healthy controls. Random 
model. X- axis ticks indicate small, moderate, large and very large effect sizes (0.20, 0.50, 0.80 and 1.40, respectively). CDC, Cri du chat syndrome; CI, 
confidence interval; DS, Down syndrome; HH, Hoyeraal–Hreidarsson syndrome; NBS, Nicolaides–Baraitser syndrome; SMD, standardised mean 
difference; WS, Williams syndrome.
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the proximal cause of HH and short telomeres (Higgs et al. 2019; 
Niewisch and Savage  2019). Indeed, HH contributed the larg-
est impact in our meta- regression (Table  S2), was statistically 
significant in subgroup analyses (Table S3) and demonstrated a 
faster rate of telomere attrition compared with healthy individ-
uals (Figure 4). Our findings further highlight the short leuko-
cyte telomeres and accelerated rate of shortening at the extreme 
end of telomere biology disorders, HH.

The genetic contributions responsible for the shorter telomeres 
and accelerated telomere shortening observed in patients with 
intellectual disability and other diagnoses are less understood. 
Nicolaides–Baraitser syndrome is caused by de novo missense 
mutations in SMARCA2 (aka BRM) (Van Houdt et  al.  2012), 

one of two ATPases responsible for chromatin remodelling via 
the SWI/SNF complex (the other, SMARCA4/BRG1). TERT in-
teracts with BRG1 to control Wnt signalling and subsequently 
stem cell maintenance and cell development (Park et al. 2009). 
Whether SMARCA2 exerts similar interactions with TERT is 
unknown, yet it appears to be required for full- length TERT 
transcription, rather than shorter alternatively spliced and dys-
functional TERT transcripts (Ito et  al.  2008). Further, BRM 
knockdown leads to telomere shortening and growth arrest 
in H1299 cells (Ito et al. 2008). It is reasonable to suggest that 
healthy cells that express TERT (albeit at very low but biolog-
ically functional levels—i.e., lymphocytes) in the presence of 
a dysfunctional BRM protein (SMARCA2 missense mutation) 
may contribute to shorter telomeres in patients with Nicolaides–
Baraitser syndrome. The STRING database also indicated pro-
tein–protein associations between SMARCA2, SMARCA4 and 
TERT (Figure S4) (Szklarczyk et al. 2023). Further work could 
reveal stronger links between telomere maintenance SMARCAs 
and telomerase and address an underexplored area, as only 
one study investigated Nicolaides–Baraitser syndrome (Shinko 
et al. 2022).

The shortened telomeres in the remaining syndromes are likely 
underpinned by gene dosage issues. For instance, Cri du chat 
was the second largest contributor to the effect identified in 
our meta- regression (Table  S2). These patients exhibit haplo- 
deficiency for TERT, the major rate- limiting component of 
telomerase, as a large portion of the small arm of chromosome 
five—where TERT is located—is absent on one of two paired 
chromosomes (i.e., 5p− syndrome) (Du et  al.  2007; Zhang 
et al. 2003). In in vitro experiments, TERT induction upon lym-
phocyte stimulation in Cri du chat is markedly reduced com-
pared with healthy controls, yet the lower telomerase activity 
did not reach statistical significance (N = 10) (Zhang et al. 2003). 
Interestingly, children with Cri du chat (< 5 years old) have 
similar telomeres to their healthy peers, indicating accelerated 
age- related telomere shortening (Du et  al.  2007) rather than 
the genetic inheritance of short telomeres. Notwithstanding 
haplo- deficiency of other genes on 5p, TERT exerts import-
ant non- canonical roles in addition to telomere maintenance 

FIGURE 3    |    Forest plot of fibroblast telomere length differences between individuals with intellectual disability and healthy controls. Fixed mod-
el. X- axis ticks indicate small, moderate, large and very large effect sizes (0.20, 0.50, 0.80 and 1.40, respectively). CI, confidence interval; DS, Down 
syndrome; HH, Hoyeraal–Hreidarsson syndrome; SMD, standardised mean difference.

FIGURE 4    |    Annual rate of telomere shortening in individuals with 
intellectual disability and controls. Grey (controls) and black (intellec-
tual disability) bars indicate the telomere shortening rate in nucleotides 
(nt). DS, Down syndrome; HH, Hoyeraal–Hreidarsson syndrome.
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(Denham  2023) that could underpin shorter leukocyte telo-
meres in Cri du chat patients, particularly with ageing and in 
rapidly dividing cells. That Cri du chat syndrome lymphocytes 
are responsive to TERT induction encourages lifestyle interven-
tions, such as exercise and meditation, as possible therapeutic 
strategies to attenuate telomere attrition.

Williams–Beuren syndrome, hereafter referred to as Williams 
syndrome, is a rare microdeletion disorder causing hemizy-
gosity for 25–27 protein- coding genes and several non- coding 
RNAs on chromosome 7q11.23 (Kozel et  al.  2021). It is com-
monly linked to serious age- related comorbidities associ-
ated with telomere shortening (e.g., obesity, Type 2 diabetes, 
psychiatric conditions and heart disease). None of the genes 
in the 7q11.23 region directly control telomere length per se, 
yet gene dosage studies have demonstrated that the deletions 
cause genome- wide differentially regulated transcripts (Adamo 
et  al.  2015), making indirect effects possible. Of the protein- 
coding genes deleted in Williams syndrome, DNAJC30 is one 
with a crucial role in ATP synthesis and mitochondrial function. 
Since mitochondria dysfunction accelerates ROS production 
and preferentially damages the telomeres (Passos et  al.  2007; 
Qian et  al.  2019; Vaurs et  al.  2024), DNAJC30 could contrib-
ute to accelerated age- related telomere shortening in Williams 
syndrome (Tebbenkamp et al. 2018). Using DAVID Kegg path-
way analysis and genes affected by Williams syndrome (Kozel 
et al. 2021), three genes (CLDN3, CLDN4 and NCF1) were iden-
tified as ‘leukocyte trans- endothelial migration’ (p = 0.012) 
that could also influence leukocyte telomere shortening. Like 
DNAJC30, the STRING database demonstrated associations be-
tween NCF1 and several genes involved in oxidative stress and 
metabolism (Figure S5), which is consistent with its function 
as a NADPH oxidase that generates superoxide anions upon 
activation.

Gene dosage issues also involve genetic additions and often lead 
to intellectual disability, none more established than Down 
syndrome (i.e., Trisomy 21). Down syndrome from trisomy of 
Chromosome 21 can occur during Meioses I and II, with a global 
frequency of approximately one in 700 births (Antonarakis 2017). 
There are consistent traits amongst those with Down syndrome 
(Antonarakis et  al.  2020), yet intellectual disability and other 
characteristics can range considerably owing to functional ge-
nomic elements on Chromosome 21 and genetic variation on 21 
and other chromosomes (Antonarakis  2017). Notably, the six 
studies, including eight comparisons between those with Down 
syndrome and controls, demonstrated considerable heterogene-
ity (Figure 3), such that the mean SMD approached zero with a 
large confidence interval in the diagnosis meta- regression (data 
not shown) (Bhattacharya et al. 2020; Bhaumik et al. 2017; De 
Arruda Cardoso Smith et al. 2004; Holmes et al. 2006; Vaziri 
et al. 1993; Wenger et al. 2014). Although not eligible for inclu-
sion in this meta- analysis, several groups have observed shorter 
telomeres in amniocytes of Trisomy 21 compared with normal—
karyotype—pregnancies (Sukenik- Halevy et al. 2011; Zhao and 
Bai  2024). Our meta- regression involving diagnosis and stage 
of development indicated that Down syndrome and HH, partic-
ularly in adulthood, were negatively associated with the SMD. 
This finding emphasises that those diagnoses and age tend to 
inflate telomere length differences between individuals with in-
tellectual disability syndrome and apparently healthy controls 

(i.e., they experience a faster rate of biological ageing). Two 
large studies including four comparisons between young chil-
dren with Down syndrome (newborns, infants and early child-
hood) and controls demonstrated longer leukocyte telomeres in 
patients (Bhattacharya et al. 2020; Bhaumik et al. 2017). High 
maternal age at conception is associated with an elevated risk 
of meiotic issues and Down syndrome. Both maternal and pa-
ternal age at conception are linked with longer telomeres in the 
offspring (Ferlin et al. 2013; Kimura et al. 2008), yet age of re-
productive partners are often correlated supporting a role of pa-
ternal age on offspring telomeres (Eisenberg and Kuzawa 2018). 
That meiotic issues occur with advanced maternal age, testes 
express high levels of telomerase that lengthen spermatocyte 
telomeres as men age and other cultural considerations may un-
derpin the observed effect here. Although the overall impact of 
intellectual disability syndromes on fibroblast telomere length 
significantly favoured controls (a large effect size), marked het-
erogeneity was again observed in Down syndrome patients, 
which may be partly explained by the fibroblast source (gin-
gival [De Arruda Cardoso Smith et al. 2004] vs. skin [Kimura 
et  al.  2005]) and presumably interindividual environmental 
factors. Two studies, however, consistently indicated an accel-
erated annual rate of leukocyte telomere shortening in Down 
syndrome compared with healthy controls (Bhattacharya 
et al. 2020; Vaziri et al. 1993). Our findings indicate that adults 
with Down syndrome demonstrated accelerated telomere attri-
tion, yet the subgroup analysis (Table S3) did not reveal statisti-
cally significant telomere length differences in individuals with 
Down syndrome compared with controls, possibly due to sub-
stantial heterogeneity between and within studies. Despite the 
lack of statistical significance in the difference between individ-
uals with syndromic intellectual disability in the HH- removed 
subgroup analysis, statistical significance was reached once DS 
were excluded (Table S3). This highlights the influence of the 
discordant findings amongst papers on DS, yet emphasises that 
even without HH and DS, other patients with syndromic intel-
lectual disability possess shorter telomeres than age- matched 
controls.

It is worth considering the potential molecular mechanisms 
responsible for the observed heterogeneity in telomere lengths 
in those with Down syndrome. Trisomy 21 not only overex-
presses genes on Chromosome 21 but deregulates the entire 
transcriptional landscape (gene expression of genes from other 
chromosomes) (Antonarakis 2017). In light of the complexity 
in deregulated genes in Down syndrome compounded by ge-
netic variation, it is challenging to offer plausible mechanisms 
here. However, the dosage of genes located on Chromosome 
21 that are implicated in the severity of Down syndrome traits 
(Antonarakis 2017) would be attractive targets for future inves-
tigations (e.g., GABPA and SOD1). Considering that telomeres 
are vulnerable to mass shortening and damage from oxidative 
stress, these candidates warrant investigation for their role in 
the accelerated telomere shortening observed in adults with 
Down syndrome. However, Sod−/− mice demonstrated acceler-
ated ageing phenotypes, increased DNA oxidative damage and 
cellular senescence that culminated in 30% reduced lifespan 
(Zhang et al. 2017). Therefore, the increased gene copy num-
ber and expression might be considered protective suggesting 
that other genes maybe more attractive candidates. One of the 
most established transcription factors responsible for TERT 
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transcription, ETS2, is located on Chromosome 21, along 
with ERG—another member of the erythroblast transforma-
tion specific (ETS) family of transcription factors. Although 
ETS2 is considered a pro- oncogene, it appears to be protec-
tive against solid tumour growth in mouse models of Down 
syndrome (Trisomy 21) (Sussan et al. 2008). Considering that 
several genes on Chromosome 21 regulate TERT transcrip-
tion and that oxidative stress accelerated telomere shortening 
(Barnes et al. 2019; Von Zglinicki 2002), TERT expression and 
telomerase enzyme activity in cells from those with Down 
syndrome warrants attention. Notwithstanding the complex 
gene dosage effects left for future work, it is tempting to specu-
late that significant lifestyle factors (e.g., diet- induced obesity, 
sedentarism and stress), comorbidities and lack of opportu-
nities could be responsible for the observed effects in Down 
syndrome.

Of note, the meta- regression indicated that telomere length 
assessment methods were associated with the difference in 
telomere length between patients and controls (Table  S2). 
Four studies used Southern blot to quantify telomere length 
in patients with Down syndrome and controls, including six 
comparisons. Of those studies, five demonstrated longer telo-
meres in individuals with Down syndrome compared with 
controls. Although Southern blot has been widely accepted 
as the gold standard assessment for many years, terminal re-
striction fragments from the technique not only include the 
telomeres but also some subtelomeric DNA. This may have 
impacted telomere length comparisons between trisomy and 
karyotypically normal individuals. Despite other methods 
estimating telomere length (Illumina array) or providing 
telomere length in arbitrary units (FISH), they consistently 
demonstrated negative associations with the SMD, along with 
the newer and more precise method that expresses telomere in 
kb, HT- STELA.

There are some limitations with this work. The telomere length 
reported here were mean values of telomeres on all chromo-
somes in the cells analysed (leukocytes and fibroblasts). Short 
telomeres on one or a few chromosomes are sufficient to cause 
cellular senescence or apoptosis. However, studies provided 
no data on the shortest telomeres, with one exception (Norris 
et  al.  2021). Moreover, the age- related telomere shortening in 
individuals with intellectual disability syndromes was esti-
mated by basic scatterplot (linear regression models) data, not 
the actual rate of telomere shortening in longitudinal analy-
ses. Despite this, other work has indicated that the actual rate 
of age- related telomere shortening is much quicker compared 
with predicted age- related telomere shortening (i.e., from lin-
ear regression models). We eagerly await investigations ana-
lysing telomere length with more precise techniques profiling 
the range of telomere lengths (i.e., TESLA or STELA) in cells 
over several time points during the lifespan of individuals with 
different diagnoses causing intellectual disability. Data were 
not obtained from all eligible studies. We used Plot Digitizer to 
include as many studies as possible in our analysis to aid com-
pleteness. Although data from all eligible studies were not ob-
tained because of their unavailability or lack of response from 
researchers, the inclusion of these papers was unlikely to de-
tract from the major findings (see Table S1). Finally, the severity 
of intellectual disability in patients with the genetic syndromes 

was unclear. The potential impact of intellectual disability se-
verity deserves attention in future investigations, as severity 
correlates with impairments, mortality, morbidity and opportu-
nities in these people.

Regardless, our novel work highlights that those with intellec-
tual disability syndromes possess shorter telomeres and exhibit 
faster rates of telomere shortening—one of the hallmarks of age-
ing. The accelerated biological ageing in people with intellec-
tual disability syndromes requires further attention to address 
this inequality in ageing. We also encourage others to examine 
the potential of lifestyle (e.g., exercise training and meditation/
mindfulness) and pharmacological interventions as therapeutic 
strategies to attenuate telomere attrition in people with intellec-
tual disability syndromes.
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