Prospects & Overviews
Review essays

Early life stress and telomere length:
Investigating the connection and
possible mechanisms
A critical survey of the evidence base, research methodology and basic biology
Idan Shalev1)2)
How can adverse experiences in early life, such as
maltreatment, exert such powerful negative effects on
health decades later? The answer may lie in changes to
DNA. New research suggests that exposure to stress
can accelerate the erosion of DNA segments called
telomeres. Shorter telomere length correlates with
chronological age and also disease morbidity and
mortality. Thus, telomere erosion is a potential mechanism linking childhood stress to health problems later in
life. However, an array of mechanistic, methodological,
and basic biological questions must be addressed in
order to translate telomere discoveries into clinical
applications for monitoring health and predicting disease
risk. This paper covers the current state of the science
and lays out new research directions.
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Introduction
Stress in early life is known to have a powerful direct negative
effect on health in later life. This direct effect requires one or
more underlying mechanisms that can maintain it throughout
the course of life. Interest in the etiological pathways that
mediate the effect of early-life stress on physical and mental
health has focused on key biological systems, including the
sympathetic nervous system, hypothalamus-pituitary-adrenal
axis, immune system, and the epigenome, leading to important insights into the systemic effects of stress [1, 2]. Some of the
adversities associated with early life trauma include neurological and respiratory problems, cardiovascular disease, and
metabolic disorders, to name but a few [3, 4]. However, the
questions of how and when childhood stress impacts at the
cellular level, specifically in humans, remain to be answered.
Previous studies have suggested telomere erosion as a
potential mechanism linking stress to disease and mortality
in humans. Telomeres are the repetitive TTAGGG sequences
at the end of chromosomes that, together with the shelterin
protein complex, function to cap and protect the ends of
chromosomes from the DNA damage response. The repetitive
non-coding sequence of telomeres is conserved in all
vertebrates, and is thought to have arisen from a common
ancestor over 400 million years ago [5]. In certain cell types,
such as germ cells and stem cells, telomere length (TL) is
maintained by the enzyme telomerase, which can add telomeric
repeats to the ends of chromosomes. Most somatic cells, however,
lack sufficient telomerase and, as a consequence, telomeres
progressively shorten with each cell division. Upon reaching a
critically short TL, cells enter a state of replicative arrest called
senescence. The discovery of telomeres has a long and intriguing
history dating back to the early 20th century [6–13] (see Fig. 1).
Today, it is widely accepted that telomeres become shorter
with each cell division. Indeed, they have been established as
a molecular clock for cellular replicative aging [14, 15].
The importance of telomere biology in mediating the
effects of early life trauma stems from its ancient role in
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Figure 1. Timeline – a brief history of telomere discovery.

regulating cellular replication and from its vast interactions
with other systems and factors that are thought to mediate
these adverse effects (e.g. immune and endocrine systems,
oxidative stress, and mitochondrial dysfunction). However, as
more studies accumulate that link early life stress to shorter TL
and a higher telomere erosion rate, important questions are
emerging. How can short TL lead to health problems that only
emerge after 30 or 40 years? Which types, or features, of stress
matter the most? Given the plurality of different measurement
methods to assess TL, can we recommend an optimal way to
measure telomeres? Moreover, do we really understand the
functional differences of TL in different types of tissue?
Finally, since longitudinal studies suggest that, in certain
individuals, telomeres can lengthen over time in telomerase-deficient cells, we need to critically assess the veracity
of this observation. If true, what are the mechanisms and what
are the implications? Given the potential of TL to predict
disease risk, these and other questions are extremely important if we want to understand the underlying mechanisms and
to push forward the application of TL in clinical settings.
By now telomeres, and the associated enzyme telomerase,
have become one of the principal focuses of research into
lifespan extension, for which they have gained a reputation
as a potential ‘‘fountain of youth’’. Indeed, the general
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consequences of unraveling the exact mechanisms by which
TL influences lifespan and healthy aging could be immense.
However, many obstacles still remain. In this paper, I try to
clarify some of the topical questions in the field of early life
stress and TL by integrating the most up-to-date literature. Due
to its multi-disciplinary nature and the ever expanding
literature on the study of telomeres, this paper is not an
attempt for in-depth coverage of the field. Instead, I present
potential mechanisms, raise important questions and caveats,
and suggest several pathways for intervention in order to
advance our understanding so that this information can be
translated into clinical applications. For the interested reader,
I provide relevant references for further reading on key aspects
throughout this paper.

Telomere length is an important predictor
of physical health and quality of life,
but why?
Shorter TL and an increased telomere erosion rate are both
associated with higher risk of morbidity and mortality. In vitro
studies have established a causal link between telomere shortening and cellular senescence, leading to growth arrest [16].
Studies using animal models have provided support for the
predictive utility of TL early in life on the actual lifespan of
birds [17] and the potential to reverse tissue degeneration in
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Some recent literature documents
telomere erosion during childhood
stress; other studies lack clarity
as to cause and effect in later life
In the past two years, several studies of adult participants
have provided support for an association between a childhood
history of stress and shorter TL in blood cells [24, 28–30]. In
contrast to these previous findings, another study failed to
replicate the association between leukocyte TL and physical
and sexual abuse in childhood in a large cohort of adult twins
[31]. In the first study of children, greater exposure to institutional care was significantly associated with shorter TL in
buccal cells in middle childhood [32].
Although these studies have advanced our understanding
of the link between childhood stress and TL, they possess
several limitations: (i) almost all studies of the violence-TL
association have relied on retrospective self-reporting of childhood experiences; (ii) all studies have used a cross-sectional
design measuring TL at one time-point and, thus, were unable
to assess change in TL over time; and (iii) the elapsed time
between putative exposure to violence and measurement of TL
has been decades [24, 28–30]. For example, given that
maltreated children often grow up to be in poor physical
health as adults [3], telomere erosion could be a consequence
of later health problems, as opposed to a proximal effect of
the maltreatment itself.
The hypothesis that childhood exposure to violence would
accelerate telomere erosion was recently tested in the first
prospective longitudinal study in children [33]. Based on evidence that the effects of stress are cumulative [2], the hypothesis
was that cumulative exposure to violence would be associated
with accelerated telomere erosion. Indeed, only children who
experienced two or more kinds of violence (exposure to
maternal domestic violence, frequent bullying victimization,
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or physical maltreatment by an adult) showed significantly
greater telomere erosion in buccal cells between age-5 (baseline) and age-10 (follow-up) measurements, even after adjusting for confounding factors [33]. This finding has provided the
first evidence that stress-related accelerated telomere erosion in
buccal cells can already be observed at a young age, while
children are experiencing stress. However, questions remain
about the mechanistic pathways that lead from telomere erosion during childhood to disease risk in later life.

What are the mechanistic pathways linking
childhood stress to accelerated
telomere erosion?
One of the most challenging questions concerns our understanding of the link between childhood stress, and stress
in general, to telomere dynamics. Some factors that may
influence the degree of telomere dynamics, and that link short
TL to disease, involve genetic regulation [20, 34], epigenetic
modification [35], or transcriptional control [36, 37] (Fig. 2).
In the case of childhood stress, the effect of stress on TL
during sensitive developmental periods and age-dependent
maturation of the brain and immune system [2] may play a
critical role in precipitating this long-term damage. Currently,
most of the insights into mechanisms associated with
telomere erosion originate from research on inflammation
and oxidative stress, indicating that both have important
influences on TL [38, 39].
Inflammation and the inflammatory response are known
to be triggered by stress. Chronic activation of the inflammatory response contributes to the pathophysiology of several
chronic diseases and predicts elevated risks for cardiovascular
disease, type-2 diabetes, major depression, and dementia
[40, 41]. Several studies have shown that childhood stress
causes elevated inflammation [42] and also that individuals
with early life stress have a heightened inflammatory response
to psychosocial stress [43]. Moreover, older adults that experienced childhood adversity have evidenced both higher
amounts of inflammatory markers and shorter TL in blood
cells [24]. Inflammation is also associated with increased
proliferation of immune cells and, as a consequence,
with greater telomere erosion [44]. These studies suggest a
mediating role for inflammation in linking childhood stress
to telomere erosion. However, another potential mechanism
may suggest the opposite, whereby telomere erosion mediates
the effects of early life trauma on inflammation. An important
feature of telomere-induced senescent cells, apart from growth
arrest, is the observation of increased secretion of chemokines
and inflammatory factors (such as interleukins 6 and 8).
This effect is known as the senescence-associated secretory
phenotype (SASP) [45]. Thus, increased senescence rate, as a
result of an increased rate of telomere erosion, will consequently increase the secretion of inflammatory markers
associated with SASP. This cycle, if chronically activated,
suggests a possible cause for the increased telomere erosion
and inflammation levels observed in victims of violence.
Oxidative stress is another potential pathway that can
lead to increased telomere erosion. Telomeres are sensitive
to damage by oxidative stress, as demonstrated by exper-
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aged, telomerase-deficient mice through telomerase activation
[18]. Other studies have shown that shortened telomeres are
also associated with a lower survival rate in humans [19].
Individuals aged 60 years or older with shorter TL in blood
cells were at higher risk of mortality from heart disease and
infectious disease [19]. In another study, centenarians and
their offspring maintained longer leukocyte TL, on average,
than unrelated controls of advancing age [20]. In addition,
longer TL was related to a healthy profile including protection
from age-related disease, better cognitive function and a
healthy lipid profile [20]. However, another study failed to
replicate the association between shorter TL and mortality;
although longer TL in white blood cells was associated with
better health status, as self-reported by participants [21].
The advent of high-throughput and cost-effective laboratory techniques that measure TL has paved the way toward
more studies linking shorter TL in blood cells with a broad
range of risk factors that predict disease morbidity, including
smoking and obesity [22], psychosocial stress [23, 24], mood
disorders [25], schizophrenia [26], and cancer [27]. Thus, it
could be suggested that TL is more a marker for biological
aging than a clock for chronological aging.
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Figure 2. Schematic representation of TL regulation by different
factors.

iments showing increased erosion under conditions of high
levels of reactive oxygen species (ROS) in vitro [39]. In
humans, oxidative stress has been associated with increased
perceived stress and shorter TL in peripheral blood mononuclear cells [23]. Moreover, TL, oxidative stress and elevated
ROS are tightly linked to mitochondrial function. The mitochondrial-dysfunction route to aging, stemming from freeradical damage to mitochondrial DNA (i.e. the free-radical
theory of aging), is a well-recognized theory dating back to
the 1950s [46]. Telomere dysfunction is associated with mitochondrial impairment, which induces more DNA damage by
increased ROS production. Increased ROS production, in turn,
induces more rapid erosion of telomeres, resulting in a
domino effect of greater DNA damage and increased telomere
erosion [47].
The endocrine system is another plausible route mediating
the effects of early life stress. The connection between cortisol
(the primary stress hormone), oxidative stress, and cell senescence is well established [48]. Cortisol has been associated
with reduced telomerase activation of human T lymphocytes
in culture [49]. Similarly, higher levels of cortisol in response
to a laboratory stressor have been associated with shorter TL in
buccal cells of 5-to-6-year old children [50]. Overall, stressinduced secretion of cortisol may down-regulate the activity of
telomerase and increase oxidative stress which, in turn, can
lead to more rapid erosion of telomeres. More research is
needed to test whether the effects of stress on telomere erosion
are mediated by changes in the immune and endocrine systems, oxidative stress, mitochondria dysfunction, or other
factors in children.
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Intriguingly, two recent studies have revealed another
potential mechanism unrelated to telomere erosion [51, 52].
The authors showed that, in fibroblast cells, up to half
of the DNA damage foci in stress-induced senescence,
whether caused endogenously by oxidative stress or
exogenously by DNA-damaging agents, were located at
telomeres [51]. Moreover, the DNA damage which, in turn,
leads to cell senescence, is irreparable at telomeres.
In addition, a DNA damage response may arise independently
of telomere erosion and can also be observed in long
telomeres [52]. This mechanism seems to be conserved
throughout evolution as it has been observed in yeast, rodent,
and primate cells. Since longer telomeres are probably
more exposed to DNA-damaging agents, it is tempting to
suggest that very long TL may induce cell senescence at a
similar rate as very short TL. This may imply a potential
U-shaped response curve, with very short and very long TL
predicting disease risk. More research is needed to test this
conjecture.
The results of these studies imply that telomeres are
important targets for stress both in vitro and in vivo, and
raise more questions about the complex mechanism behind
telomere-induced cell senescence. From an evolutionary
standpoint, it appears to be an elegant mechanism to prevent
cells that have accumulated genomic damage from dividing,
thereby preventing de novo mutation and abnormal
genomic function that may eventually lead to cancer and
other types of diseases. It seems that telomeres act as
cellular ‘‘sensors’’ for detecting DNA damage. By sensing this
damage, telomeres send a warning signal to the cell that
damage has potentially accumulated in other regions along
chromosomes and other cell compartments. Thus, senescenceinduced telomere damage can act as a tumor-suppressor to
prevent disease and mortality.
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Open questions in the study of childhood
stress and telomere length

Which types of stress matter the most? How does type,
severity, and chronicity of stress exposure relate to
telomere erosion?
Although studies have reported an association between different kinds of exposure to violence and telomere erosion, which
types of stress matter the most is not entirely clear (e.g.
physical abuse, domestic violence, bullying victimization,
sexual abuse, emotional abuse, physical neglect, or emotional
neglect). Some studies indicate that the effect might be seen
most clearly when stress is cumulative, regardless of type [2,
29, 33]. It has been suggested that repeated exposure to stress,
which results in chronic activation of the endocrine and
immune systems, and the overall heightened chronic physiological overload of the body (allostatic load), may lead to
telomere damage. However, other factors, such as severe
single stressors, should not be excluded. For example, recent
death of a first-degree relative or spouse has been associated
with shorter leukocyte TL in women [53]. This raises an important caveat in stress research generally, i.e. that all exposures
are not necessarily alike and that considerable care needs to be
taken when attempting to synthesize and interpret research on
the psychobiological sequelae of stress exposures. As more
studies accumulate, it will be possible to determine the
specific type and features of a stressor that matter most in
relation to telomere erosion (e.g. duration, severity, physical
harm, perceived threat). In addition, testing for the most
sensitive periods for exposure and dose-response gradients
(e.g. exposure in childhood vs. adolescence; single vs.
recurrent events; single vs. multiple types of violence) can
also be investigated.
What is the optimal method for measuring telomere
length?
There are tradeoffs regarding the best way to measure TL [54].
The four main methods to assess TL are: (i) Southern blot
analysis of the terminal restriction fragments (TRF) [55]; (ii)
Quantitative RT-PCR to measure the ratio between single-copy
gene and telomeric repeat regions (T/S ratio) [56]; (iii)
Fluorescence in situ hybridization (FISH), Quantitative-FISH
(Q-FISH) and flow-FISH methods [57, 58]; and (iv) single
telomere length analysis (STELA) [59]. The ‘‘gold standard’’
southern blot technique uses restriction enzymes to measure
TL in kilobases; not only of the telomeric region (i.e. the
TTAGGG repeat), but also the sub-telomeric region. Both
the T/S ratio and FISH methods measure the average TL of
the telomeric region, whereas the STELA and FISH methods
can also determine the specific TL in distinct cell populations
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or measure the specific length in individual cells or chromosomes. However, the successful application of FISH methods
requires intact nuclei and metaphase cells, while STELA
requires expertise in single molecule techniques, which limits
their utility for high-throughput settings. Nevertheless, as
telomere-induced senescence may rely on a few (or even
single) critically short telomeres [60], future research will
benefit by utilizing FISH and STELA for high resolution
analyses of telomere dysfunction. The principal advantage
of the T/S ratio over the other methods is that it can be
performed at high-throughput and low cost. However, this
method can suffer from greater measurement error compared
to other methods.
In summary, although all methods are highly correlated
[61, 62], each method has advantages and disadvantages and
the optimal way to measure TL is still debated. The use of
different methods makes it difficult to compare mean values
between studies or to establish normative reference values for
a particular age group. Table 1 provides an example of the
heterogeneity between study designs, age groups, and tissue
types for studies that have used the TRF method to measure
TL. The first attempt to compare southern blot and T/S ratio
methods, by two of the leading laboratories in the field,
yielded a strong correlation between both methods [62].
However, the relationship of TL values between the methods
deviated from linearity and the sample size was relatively
small [62]. As has previously been suggested [63], an impartial
evaluation of the different methods for measuring TL, using
comparative studies, is needed to establish an appropriate
framework for future studies.
The implications of studies of telomere length from
different types of tissue cells
Another important question concerns the measurement of TL
from different types of cells [64]. Because of the ethical difficulties in obtaining blood from children, most studies of
children have used buccal cells [32, 33, 50] instead of the
peripheral blood cells more commonly used in studies of
adults. However, buccal swabs may not only yield
buccal cells. Infiltration of immune cells, which have different
telomere dynamics than buccal cells, due to poor oral
hygiene or infection during sampling can alter the oral cell
composition.
In the case of estimating TL from blood cells, different
populations of cells may give rise to misleading estimates
of TL [57, 65]. For example, telomere erosion with age is
more apparent in lymphocytes than granulocytes [66].
In a recent study, the rate of telomere erosion in memory
T cells and mature natural killer cells was much higher
compared to other leukocyte subpopulations [67]. As the
immune system is affected differently by the internal and
external environments, and since the performance of the
immune system declines with age, estimating TL from blood
may give conflicting results. Another problem to consider
is that the activity of telomerase varies in different cells of
the immune system, which also may affect the length of
telomeres [68].
TL may vary among different types of cells due to factors
such as cell turnover rates, stem cell capacity to regenerate
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Although recent findings support the hypothesis of stressrelated telomere erosion, even for the young, and more studies
provide plausible mechanistic pathways, there are caveats
and open questions that require further research. In the next
sections, I present some of the questions that need to be
answered in order to advance our understanding of how stress
impacts telomeres.
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Table 1. Representative studies that have measured TL using southern blot analysis of TRF from different tissues

Reference
Glass et al.
(2010) [31]
Aviv et al.
(2009) [75]
Cherkas
et al. (2008)
[103]
Damjanovic
et al. (2007)
[104]

N (male/female)
520 Control (n/a)
20 Cases (n/a)
450 Caucasians
185 African-Americans
2,152 Female
249 Male
41 Controls (11/30)
41 Cases (11/30)

Age
Adults

Tissue
Leukocyte

31.4 (at baseline)
31.4 (at baseline)
48.6 (þ/12.8)
48.3 (þ/13.7)

Leukocyte

65 (þ/1)

Leukocyte

PBMC

Study outcome
Physical and
sexual abuse
Age-related
longitudinal analysis
Physical activity
in leisure time
Immune function of
Alzheimer’s caregivers

T cells
Monocyte

Simon et al.
(2006) [25]
Andrew
et al. (2006)
[105]
Okuda et al.
(2002) [106]

Friedrich
et al. (2000)
[72]
Slagboom
et al. (1994)
[34]

44 Controls (25/19)
44 Cases (23/21)
2,050 Female

50.5 (þ/8.4)
51.1 (þ/7.7)
47.8 (þ/12.4)
range 18 to 80

Leukocyte

Mood disorder

WBC

Linkage analysis

83 African-Americans (n/a)
83 African-Americans (n/a)
48 Caucasians (n/a)
43 Caucasians (n/a)
29 Hispanics (n/a)
27 Hispanics (n/a)
9 Patients (n/a)
Surgery for hip fractures

Newborns

WBC
Umbilical artery
WBC
Umbilical artery
WBC
Umbilical artery
Leukocyte
Skin
Synovial
WBC

Telomere dynamics
in newborns

Young: 16 MZ, 15 DZ
Adolescent: 15 MZ, 14 DZ
Adult: 28 MZ, 27 DZ

73 to 95

4.15 (þ/1.4)
17.1 (þ/2.4)
43.7 (þ/5.8)

Comparative
tissue analysis
Heritability analysis

Mean telomere
lengtha in Kbp
6.97 (SD ¼ 0.67)
7.04 (SD ¼ 0.58)
7.29 (SD ¼ 0.73)
7.85 (SD ¼ 0.73)
7.0 (SD ¼ 0.6)

6.2 (SE ¼ 0.10) case
6.4 (SE ¼ 0.10) control
6.3 (SE ¼ 0.20) case
6.5 (SE ¼ 0.20) control
5.7 (SE ¼ 0.10) case
5.9 (SE ¼ 0.10) control
7.64 (SD ¼ 1.10)
6.98 (SD ¼ 0.84)
7.1 (SD ¼ 0.69)
range 5.1–9.4
10.98 (SE ¼ 0.09)
10.99 (SE ¼ 0.08)
10.92 (SE ¼ 0.11)
10.89 (SE ¼ 0.09)
11.26 (SE ¼ 0.10)
11.25 (SE ¼ 0.12)
6.54 (SD ¼ 0.52)
7.79 (SD ¼ 0.60)
7.91 (SD ¼ 0.42)
8.3 (SD ¼ 0.64)
7.8 (SD ¼ 0.56)
7.3 (SD ¼ 0.76)

a

All mean values for TL are adjusted for age, except in [31, 34, 72, 104].
n/a – not available; MZ – monozygotic; DZ – dizygotic; PBMC – peripheral blood mononuclear cell; WBC – white blood cell; Kbp – kilobase
pairs (¼1,000 bp); SD – standard deviation; SE – standard error.

or differentiate, exposure to oxidative damage or dynamic
regulation of telomeres [66, 69]. Given the apparent complexity of telomere dynamics in white blood cells, buccal cells may
provide a better estimate of TL since they are more inert and
less influenced by regulatory factors. However, the reasons for
changes in TL in buccal cells are poorly understood. In
addition, TL from different types of cells can be used to answer
different types of questions. For example, TL from lymphocytes can indicate the replicative history of hematopoietic
stem cell and progenitor cells. Hepatocyte TL may be a marker
for liver disease [70] and stem cell telomeres are targets for
basic cancer research [27].
There are few studies on comparability of TL
between different tissues [71–73]. In the case of buccal and
blood cells, positive correlations have been reported
between the TL of both cell types [74]; although one report
showed no significant correlation [71]. Recent research has
suggested that estimates of TL from buccal cells can detect the
effects of stress on young children [32, 33, 50]; although
validation in broader studies that measure TL from multiple
tissues is needed (see Table 2 for all known published data on
TL in buccal cells). An impartial evaluation of TL from cells of
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different tissue types is needed to establish a standard reference for future studies.
Telomere lengthening: True or false?
Longitudinal reports using repeated measurements of TL
have revealed that telomeres can lengthen in some individuals [33, 75–81]. Interestingly, those individuals tended to
have shorter baseline TL in blood and buccal cells, raising
important questions about the dynamics of TL in living cells
[75, 77, 80]. Figure 2 presents several potential routes for this
observed lengthening [82, 83]. TL appears to oscillate over
short periods of time, but these variations are less pronounced when longer-term follow-up measurements are
taken [82, 84]. In one study, blood cell TL was analyzed in
samples taken six months apart [82]. The authors reported
that TL differed more significantly between sampling events
than in a previously reported study that analyzed samples
taken ten years apart. Furthermore, others have theorized
that there is an upper limit on TL and that TL is maintained in
equilibrium in cells that have a telomere elongation
mechanism.
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Table 2. Comparison of different studies that have measured TL in human buccal cells
N (male/female)
236 Children (120/116)

Age in years
5 (baseline)

Method
T/S ratio

Study outcome
Exposure to violence

T/S ratio

Ischemic heart failure

T/S ratio

Laboratory-based
stress challenge
Social deprivation

10 (follow-up)
Wong et al.
(2011) [107]

Kroenke et al.
(2011) [50]
Drury et al.
(2011) [32]
Gadalla et al.
(2010) [74]
Hewakapuge
et al. (2008)
[64]
Thomas et al.
(2008) [108]

Broberg et al.
(2005) [109]

27 Cases (23/4)
24 Controls (20/4)
29 Case’s offspring (17/12)
25 Control’s offspring (9/16)
78 Children (31/47)

69 (þ/6.9)
66 (þ/6.6)
40 (þ/6.8)
38 (þ/6.0)
5 to 6

100 Children (59/41)

6 to 8
8 to 9
9 to 10
21
range 8-43
1 to 96

21 Patients (IBMFS) (15/6)
167 Individuals (71/96)

30 Young controls (15/15)
26 Adult controls (11/15)
23 Young cases (8/15)
31 Adult cases (8/23)
63 Cases (54/9)
158 Controls (121/37)

22.5 (þ/2.2)
68.7 (þ/2.6)
70.7 (þ/4.1)
83.1 (þ/4.5)
Median 69
range 35–85
Median 68
range 21–90

T/S ratio
(modified)
T/S ratio
T/S ratio

Comparative
tissue analysis
Age prediction

T/S ratio
(modified)

Alzheimer’s disease

T/S ratio

Bladder cancer

Telomere lengtha
1.08 (SD ¼ 0.44)
range 0.02–3.07
0.96 (SD ¼ 0.28)
range 0.06–1.71
0.97 (SD ¼ 0.27)
1.04 (SD ¼ 0.19)
1.17 (SD ¼ 0.42)
1.21 (SD ¼ 0.25)
0.97 (SD ¼ 0.26)
range 0.33–1.59
Median 9.5 (SD ¼ 6.4)
Median 8.8 (SD ¼ 6.0)
Median 10.0 (SD ¼ 6.5)
Median 1.16
range 0.51–6.44
range 0.54–2.83
(SD ¼ 0.51)
41.98 (SD ¼ 32.66)
40.57 (SD ¼ 19.28)
34.41 (SD ¼ 34.05)
20.51 (SD ¼ 18.04)
Median 0.95
range 0.53–3.2
Median 1.1
range 0.51–2.4

a

All TL values are adjusted for age except in [74, 107, 108]. All values represent mean TL unless otherwise stated.
IBMFS – inherited bone marrow failure syndromes.

One plausible route for observed telomere lengthening
involves the enzyme telomerase. Interestingly, a recent study
has shown increased activation of telomerase in the peripheral
blood mononuclear cells of depressed patients. Higher telomerase activity has also been associated with depression
ratings for both cases and controls [85]. Furthermore, a better
response to antidepressant treatment has been associated
with increased telomerase activity in depressed patients
[85]. This increased activation may represent a compensatory
mechanism to overcome the increased erosion of TL associated
with depression.
Another potential and intriguing pathway for telomere
lengthening may involve body mass. In a comparative
study of telomere biology in cultured cells from more than
60 mammalian species, telomerase expression was linked
with body size [86]. Notably, a longitudinal study of
adults with BMI >25 measured leukocyte TL at two time
points, 4.5 years apart. The surprising results showed
that about two-third of the 343 individuals studied had
longer TL at the follow-up measurement [87]. Is it the
case that increased body weight up-regulates telomerase
activity and, as a consequence, telomeres lengthen?
Since lengthening of TL can only be observed by measuring
change in TL over time, for obvious reasons there is a need
for more longitudinal study designs with repeated measurements of TL. Potentially, the easiest way to investigate the
telomere lengthening phenomenon is by analyzing existing
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longitudinal biobank databases that have collected DNA at
different time points. Since TL can predict health outcomes,
elucidating the temporal dynamics and the mechanisms
that regulate TL are of great interest and clearly demand
more investigation.

Childhood stress in the modern world:
Telomere biology as a primary target for
prevention and intervention
Studies have implicated age-related TL as an important
determinant of morbidity and mortality, with most of the
information arising from studies of adult or elderly populations. However, although the word ‘‘aging’’ is associated
with old age and elderly people, aging in the sense of TL is a
life-long phenomenon that begins at birth. There is some
evidence to suggest that TL rapidly erodes in infants very
soon after birth, and for the first years of life, corresponding
to the rapid growth rates and high production and turnover
of cells [66, 88]. This telomere erosion then continues at a
steadier and more moderate rate into childhood, adulthood,
and old age [89]. The manifestation of age-related diseases
is mostly seen at old age, but the aging process, at the
cellular level, is life-long. Given that children who are victims
of violence show faster erosion of buccal cell TL [33],
early intervention and prevention strategies can potentially
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ameliorate the acceleration of physiological aging processes
early in life.
There are several indications that a healthy lifestyle and
stress-coping strategies can alter the rate of telomere erosion
and improve our well-being. Evidence from a genetically
modified mouse model has demonstrated that activation of
telomerase can reverse many of the hallmarks of aging [18].
Intriguingly, telomerase gene therapy has shown the potential
to extend lifespan in adult and old mice. It has also been
demonstrated that telomerase therapy does not induce cancer
in treated mice [90]. Studies of humans have provided further
support for this effect. Longer leukocyte telomeres have been
associated with the number of years of healthy life [21], the
buffering effect of exercise on stress [91], multivitamin use
[92], and higher vitamin D levels [93]. Moreover, in one study,
a healthy diet and having strong social support attenuated the
relationship between short leukocyte TL and the occurrence of
heart disease [94]. In another study, a reduction in psychological distress was associated with increased telomerase
activity [95]. Similarly, a 3-month meditation intervention
was associated with higher telomerase activity and improved
health profiles [96].
There are some indications that counteracting the damaging effect of oxidative stress by antioxidants can attenuate the
rapid erosion of telomeres. Higher levels of albumin and uric
acid, two endogenous antioxidants, have been associated with
longer leukocyte TL in elderly men [97]. Treatment of endothelial cells with the antioxidant ascorbic acid (vitamin C)
decelerates the erosion of telomeres [98]. Higher folate and
glutathione levels, molecules with antioxidant properties that
counteract ROS, have also been associated with preservation
of TL [99, 100]. In addition, treatment of fibroblast cells in
culture with a free-radical scavenger has been shown to prolong the cells’ replicative lifespan and attenuates telomere
erosion compared with cells that have been grown under
normal conditions [101]. More research is needed to determine
whether antioxidant supplementation can buffer the effects of
stress on telomere erosion in children.
In summary, childhood stress is a salient early-life stressor
with long-term consequences for well-being and a major public health and social welfare problem. Elucidating the molecular pathways, identifying biological substrates that could
serve as potential treatment targets and discovering coping
mechanisms that may protect children from the effects of
childhood stress on telomere erosion is a primary target for
science. Studies of this nature have the potential to identify
novel targets for interventions to help children recover from
exposure to violence. In a general sense, a healthy lifestyle,
psychological support, and reductions in oxidative and lifestyle-related stress all appear to be important factors in reducing cellular aging and the deleterious effects that stress and
violence have on telomeres.
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already be observed in childhood. Although much progress
has been achieved recently, many questions remain. For
some of these questions, we currently only have partial
answers. There is some indication that the link between stress
and telomere erosion is mediated by several factors including
the immune and endocrine systems, oxidative stress, and
mitochondrial dysfunction. It seems that the effect of stress
on telomere erosion is cumulative rather than a single-event;
although other factors, such as severity of the stressor, should
not be excluded. Existing methods to measure TL are highly
correlated, but impartial evaluation of these methods is
needed to establish an appropriate measurement framework.
Measuring TL from different types of tissue may help answer
specific research hypotheses. More research is needed to
establish standard references for future studies. Finally, there
is some evidence to suggest that TL is a dynamic feature and
can even lengthen over time, and this should be investigated
further.
Lifestyle factors and a healthy environment can help to
buffer the deleterious effects of stress on telomere erosion. It
is also tempting to speculate that such factors (e.g. diet,
physical activity, stress-reduction methods, and antioxidants)
are involved in two of the main mechanistic pathways in
telomere integrity, i.e. the immune-system and oxidative
stress (Fig. 2). It will be important to elucidate the complex
cascade leading from stress exposure during early life to
cellular aging via telomere biology.
This body of evidence suggests the importance of integrating telomeres as stress markers in research. TL measurement is now being offered to adults as a diagnostic tool to
monitor health and predict disease risk [102]. It is conceivable
that research may eventually promote TL measurement
in clinical pediatrics. However, more research will be needed
to uncover the underlying mechanisms that govern TL
dynamics before such a clinical application could be
deemed reliable. Factors for a healthy lifestyle and therapeutic strategies aimed at the deceleration of telomere
erosion are potentially important targets for the treatment
of young victims of violence.
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