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Abstract

Traumatic stress can alter allostatis and therefore mediate the development of psychological disorders. Recent
evidence from molecular studies has shown that telomere length - a measure of cellular aging - is strongly influenced
by a broad spectrum of stress. Telomere erosion might be accelerated by traumatic stress, and traumatic stress
has shown to be associated with the risk of developing chronic diseases like cancer, cardiovascular diseases and
immunologic conditions. Aim: The biological pathways between psychological stress and psychological disorders or
physiological diseases are widely unknown. Some experimental studies in animal models and longitudinal studies in
humans have investigated the transgenerational consequences of psychological stress on telomere length biology.
Telomere length inheritance might provide an additional molecular mechanism for the germ line transmission of
environmentally induced phenotypic change and might offer a new biological framework for the multifactorial path
etiology underlying stress-related disorders. Procedure: Starting from the well-established allostatic load model,
this article reviews theoretical and empirical work from animal models and humans in the field of telomere biology
in association with traumatic stress, childhood trauma and post-traumatic stress disorders. Further it reviews
recent approaches on telomere length inheritance, and combines these findings with transgenerational research
of post-traumatic stress disorder biology. Conclusion: A better understanding of the transgenerational mechanisms
underlying common diseases might ultimately help disease prevention of stress related disorders in subsequent

generations.
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Introduction

In the last few decades, research has focused strongly on identifying
biomarkers thatareassociated with stress- and trauma-related disorders.
This research provided the empirical evidence for several etiological
models that explain the pathways from physiological symptoms to
psychological disorders and vice versa. One of the best-known is
McEwen and Stellar’s allostatic load (AL) model, which describes the
multidimensional effects of physiological and psychological stress [1-
3]. In the AL model, an organism’s need to meet its external demands
(i.e., environmental influences perceived as stress) is termed allostasis.

This short review discusses the possibility of transgenerational
inheritance of stress- and trauma-related telomere length (TL)
shortening as a molecular outcome according to the AL model. Unlike
previous reviews on TL and stress [4-6], we aim to integrate the idea of
transgenerational aspects in TL biology in relation to stress exposure
from animal models and from studies with human participants. We
will first provide an introduction to telomere biology (i.e. the function
of telomeres, their erosion processes, and their tissue stability) and then
summarize recent research efforts that may introduce TL as a marker for
stress-related disorders. This article will have a special focus on studies
investigating Post-Traumatic Stress Disorder (PTSD) and childhood
adversities and/or trauma, representing both models for conditions
specifically associated with elevated amount of lifetime stress. Finally
we will present a number of findings from transgenerational telomere
biology and associate it to stress-related research (including traumatic
stress) to present a new hypothesis in the field of psycho-biological
research: TL shortening is not only a primary result of psychological
stress, but also possibly a biological mediator for stress inheritance
to subsequent generations. Overall, this short review addresses a

new aspect of the biological framework and etiology of stress-related
disorders and explores implications for the prevention.

Chronic Stress and Allostasis

Allostasis represents the sum of chronic exposure to heightened
fluctuating or repeated environmental challenges and therefore
offers a biological paradigm for the effects of stress on an organism’s
psychobiologic well-functioning. The model describes three levels of
outcome [1]. The primary effects refer to a molecular level, in which
cellular activities (e.g., gene-expression, receptors, enzymes, etc.)
are affected. The second outcome level defines sub-clinical levels of
physiological parameters (e.g. insulin, glucose, cholesterol, systolic
and diastolic blood pressure, etc.), eventually leading to a range of
stress-related diseases. The last outcome level represents the final
stage of physiological deregulations and diseases [7]. According to
the model, even small deregulations to molecular levels may lead to
disadvantageous consequences in the long term [7]. Within the AL
model, molecular biomarkers are classified as primary effects, and play
a fundamental role given that they appear early in the development
of psychopathology. As such, the identification of relevant biomarkers
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of stress is particularly important to elucidate the interplay between
nature and nurture of stress-related disorders.

To date, many molecular markers have already been investigated
with the spectrum reaching from genetic variations like Single
Nucleotide Polymorphisms (SNPs) and Copy Number Variations
(CNVs), to epigenetic variations like CpG-rich or -poor regions with
distinctive DNA methylation patterns [8]. Telomere length (TL)
represents another such candidate for molecular variation that seems to
be especially prone to environmental influences. A number of working
groups have confirmed the association between psychological stress
and TL-shortening [9-13]. In brief, the findings suggest that the more
an individual is exposed to chronic stress, the shorter the individual’s
telomeres are.

Structure and Function of Telomeres

Telomeres were first described in the Journal of Molecular Biology
by Elisabeth Blackburn and Joseph Gall in 1978 [14]. They are the
protective caps located at the ends of the 23 human chromosome pairs
and at the ends of other eukaryotic chromosomes, made of repeats of
specific nucleotide sequences organized in tandem arrays. In humans
the telomeric sequence is 5-TTAGGG-3’. The number of repeats
varies greatly between species and between and within subjects (see
below). Telomeres are involved in maintaining genomic stability and
regulating cellular proliferation [15]. They have been shown to inhibit
chromosomes to form end-to-end fusions by preventing the cell from
identifying telomeres as DNA-double strand breaks [15,16].

TL has a strong genetic basis with heritability estimates ranging
from 34% to 82% [17,18]. A meta-analysis looking at six populations
including over 19700 subjects aged 17 to 99 years found a mean
heritability rate of 70% [19]. Findings from quantitative trait linkage
studies further identified several putative loci for TL in several genes,
such as the telomerase RNA component (TERC), the Telomerase
Reverse Transcriptase (TERT), the nuclear assembly factor 1
ribonucleoprotein (NAFI), oligonucleotide/oligosaccharide-binding
fold containing 1 (OBFC1) or the regulator of telomere elongation
helicase 1 (RTEL1) [20-23].

Telomere Shortening and Erosion

In somatic cells telomeres progressively shorten with each mitotic
division because of the inability of DNA polymerase to fully replicate
the 3’-end of the DNA strand. In other words, with each cell replication
cycle a small fragment of DNA cannot be replicated due to the nature
of the replication process itself. This inability of copying the last nucleic
acids results in a loss of about 50 basepairs of telomere sequences per
cell doubling. This process is known as the end-replication problem,
which is partly held responsible for biological aging [24-26]. In order
to prevent chromosomes from losing essential genetic information,
telomeres close up the chromosomal DNA strands described above.
Instead of shortening a gene, the chromosome only loses some of its
TL. Thus, telomeres act as the mitotic clocks of our body, allowing a
mitotic cell only to replicate itself for a certain number of times until
its telomeres shorten down to a critical length and therefore lead to
cellular senescence [27]. This was elegantly illustrated in a longitudinal
study conducted on transgenic mice, where the rate of increase in the
percentage of short telomeres was predictive of the mice’ life expectancy
[28], and where telomerase-deficient cells (see below) with single short
telomeres caused an earlier onset of senescence [29].

With a specific enzyme our body can compensate for some of this
TL erosion. Telomerase is aribonuclearprotein which counteracts

TL shortening by a specialized reverse transcriptase adding the
5-TTAGGG-3’oligonucleotides to the 3’-end of the DNA-strand
[30,31]. Telomerase is not active in all mitotic cells and is particularly
important in cells that depend on replication of vast numbers (e.g.
sperm cells, stem cells or activated lymphocytes). It is also believed to
play an important role in immortalizing tumor cells by allowing them
to intently proliferate without substantial TL loss. Except in sperm cells
and tumors - where telomerase can elongate telomeres — telomerase
can only slow down TL erosion without preventing it completely
(32,33].

TL erosion due to proliferation of mitotic cells is one important,
though most probably not the only mechanism causing shortened
TL. DNA-strand damages are another reason held responsible for TL
erosion [34]. Apart from other exogenous sources that may damage
molecular structures (e.g. UV-light, radiation, ozone etc.) telomeres
have also been found to be affected by oxidative stress. It occurs when
the enzymatic and non-enzymatic antioxidants fail to fully neutralize
reactive oxygen species (ROS) [35]. ROS are chemically instable
molecules (e.g. superoxide, hydrogen peroxide, hydroxyl radical, nitric
oxide), which are highly reactive to their cellular environment and tend
to damage DNA by binding to nearby molecules [36,37]. Monaghan et
al. [35] describe the effects of oxidative stress as a homeostasis between
ROS and antioxidants [35]. Oxidative stress occurs when the balance
between the two agents shifts in favor of ROS. Hence, while ROS are
responsible for the damage on the DNA, information about both
agents are necessary in order to comprehend the picture (Monaghan
et al.[35] povide further details on the interaction between ROS and
antixidants). Oxidative stress is particularly important as a damaging
mechanism because psychological stress has been shown to reduce
antioxidative activity and to increase indices of ROS [38].

Beside these mechanisms - cellular turnover and DNA-strand
damages due to ROS - other key players might contribute to TL
shortening. Inflammation has been associated with TL loss, though
pathways are not yet fully understood. One plausible hypothesis is that
inflammation increases by moderating the metabolic demands. Hence,
inflammation may increase cellular turnover and metabolism, leading
to more ROS due to more mitochondrial activity for example. Studies
have repeatedly shown an association between inflammation markers
and progressed TL erosion, indicating the involvement of inflammation
in TL erosion [39]. Another plausible hypothesis is that the immune
activation itself leads to shorter TL by the rapid recruitment and
differentiation of younger immune cells. Figure 1 summarizes the
described pathway between psychological stress and TL erosion.

It is important to note that it is not inflammation per se seems
to shorten TL, but more likely the cellular renewal and increased
metabolism, which most likely is induced by inflammation, is held
responsible for the shortening. Further note that these two hypotheses
are neither mutually exclusive, nor the only plausible mechanisms for
TL erosion. They rather represent two complementary mechanisms to
explain the implication of inflammation in TL erosion.

Telomeres in Different Tissues

Stabilitybetween TL in different healthy tissue samplesand over time
isnotyetclearlydeterminedand remainsanareaofactiveresearch. Sofar,
only few studies have compared TL concordance across different tissues
[40-45], and to date no study observed TL dynamics in different tissue
samples across multiple time points to compare TL dynamics between
tissues over time. Still, some cross-sectional studies report synchrony
over different tissues. One study by Kimura et al. [40], for example,
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Figure 1: Pathways between stress and telomere erosion are currently still
an active field of research. Plausible influence leads over oxidative stress
and inflammation. Inflammation my increase cellular turnover and produce
more reactive oxygen species, because of more metabolism. Antioxidative
capacities neutralize ROS, while psychological stress decreases antioxidative
capacities. Arrows indicate correlations, while minus signs on dashed arrows
indicate negative correlation and plus signs on solid arrows indicate positive
correlations.

reported significant correlations between TL of hematopoietic
progenitor cells from newborn umbilical cord blood samples and TL
from lymphocytes or granulocytes, with r’s ranging from r =.88 to r
=.94 [40]. In a second phase of their study, they showed that correlation
between granulocytes TL and leukocyte TL were high at birth (r =.98)
and stayed strong different age groups (r = .98). These results derived
from cross-sectional data of a cohort with 24 subjects (age 22 to 34
years) and another cohort with 400 subjects (age 0 to 100 years) [40].
Some studies implied TL synchrony between different tissue samples
across different stages of an organism ‘s development. A comparison of
tissue samples from 13 different organs in 11 aborted fetuses (gestations
weeks 15-19), for example, found no significant differences of mean
TL across the tissues, with mean ranges being less than 1 kilobase for
all samples [41]. Similarly, another study conducted on newborns
found a strong correlation (r =.89) between TL of white blood cells
and TL of umbilical artery cells [43]. And in two post-mortem samples
of 41 and 21 subjects from 0 to 101 years of age, Nakamura reported
significant associations in lingual epithelium cell TL and epidermis TL
(r =.84 and r =.93, respectively) [42]. By additionally controlling for
donor age, Friedrich and colleagues found significant correlations in
tissue samples from 9 patients (age 75-95 years) between epidermis
TL and leukocyte TL (R2 =.79), epidermis TL and synovial sample
TL (R? =.71), and synovial sample TL and leukocyte TL (R? =.54) [45].
Whilst these studies point towards TL tissue synchrony, one study
failed to find evidence for such synchrony. Thomas, O’Callaghan, and
Fenech found no significant correlation between buccal cell TL and
whole blood cell TL in three different samples, including 30 young
adults (age 18-26 years), 26 healthy old adults (age 64-74 years) and 54
clinically diagnosed Alzheimer’s patients (age 58-93 years) respectively
[45]. While there are several indications that there is a substantial
correlation between TL in different tissues, it is important to note that
most studies on the subject of tissue-correlation incorporated only
small sample sizes. Combined with the small number of studies in this
particular field, satisfying conclusions cannot yet be drawn on how
strong synchrony is over different tissue samples.

Stress Related Disorders over Subsequent Generations
and TL

The Effects of Stress, Traumatic Stress and PTSD on TL

Telomeres are not only considered an index of cellular age but
have also been associated with physical morbidity and mortality.
Associations between shorter TL and a number of disorders have been
reported, such as cancer [46,47], immune [48], and cardiovascular
diseases [49,50]. Besides these physical disorders, psychological
conditions (i.e. psychological stress) have become more important in
research over time.

A recent experiment using an animal model demonstrated the
impact of early post-natal life stress and subsequent TL erosion in
erythrocytes [51]. The authors divided a total of 114 European shag
chicks in three groups: an unhandled control group of 36 chicks, a
handled-CORT group of 42 chicks and a handled-oil group of 36 chicks.
The CORT-group received oral administered corticosterone to elevate
glucocorticoid hormone levels, while the handled-oil group received
fish oil to induce a comparable amount of exogenous stress levels. The
chick’s erythrocytes TL were measured 10 days after hatching and 20
days later after subsequent stress manipulation. Though there was
no significant difference between the two stress groups, both groups
showed significant shorter telomeres compared to the control group.

Recent studies in humans, although all non-experimental, suggest
that stress has a similar impact on human TL biology. Epel and
colleagues demonstrated a significant association between lifetime
stress and shortened telomeres. Within the last decade, researchers
have highlighted further facets of stress [9]. A considerable number
of studies found significant relationships between stress, traumatic
stress (and its consequences, such as PTSD) and TL, including
experimental confirmation in animal models [51,52], and a series of
studies demonstrating this in children as well as adults exposed to
early adversity. The following paragraph provides a summary of these
findings.

In a prospective longitudinal study with two measurement points
conducted on 236 children at the age of 5 and 10 years, Shalev and
colleagues showed that children with more exposure to violence also had
significantly more TL erosion (i.e. shorter TL at age of 10 compared to
the age of 5 years) compared to children with less exposure to violence
[53]. Using a prospective design including repeated measurements, this
study provided evidence that childhood stress might have impaired
telomere maintenance in the long run. According to the authors, TL
erosion might have been a direct consequence of chronic childhood
stress rather than the product of moderating/mediating variables (such
as poor physical health in adulthood due to childhood maltreatment).
In other words, telomere erosion does not seem to be the cause of later
health problems, but a proximal effect of maltreatment itself. Also in
2012, Drury published their study on the association between foster
care placement and TL. The authors considered children living in
institutions as a model for early adversities [54]. They investigated a
total of 136 children allocated to one of six institutions in Bucharest
(Romania). For TL baseline assessment, buccal swaps were collected
between 6 and 30 months of age, and compared with TL from 54 months
of age. The percentage of time spent in institutional care was used to
predict TL. Percent time spent in the institution was significantly and
negatively associated with TL and remained so, even after controlling
for potential cofounders like gender, ethnicity, low birth weight and
age at telomere collection. Recently, Drury and colleagues published
a cross-sectional study about 80 (age 5-15 years) children who were
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exposed to family violence and disruptions. After controlling for age,
sex, maternal education (as a proxy for socio economic status), and
paternal age of conception (PAC), they found that the number of
adverse life events were significantly associated with TL [55]. Children
with no exposure to adverse family events had significantly longer TL
than those exposed to one, two or more events. Savolainen aimed to
replicate the findings of Drury et al. [55] in a sample of 1486 old adults
(mean of 61.5 years age at the time of tissue collection), where 215
had been separated from their parents in childhood [56]. Additionally
to the parental separation, they assessed self-reported physically and
emotionally traumatic experiences throughout the lifespan with the
Traumatic Experiences Checklist (TEC). Even though they did not
find a significant association between LTL and the early life separation,
emotional or physical trauma over the total sample, the group found
shorter TL in the participants who were separated from their parents
in childhood and reported traumatic experiences in their lifespan. In
line with this model, a study conducted by O’Donovan et al. [48] on 43
patients with chronic PTSD and 47 control subjects found significant
associations between PTSD diagnosis and TL shortening [47]. In the
samestudy, asignificantassociation between childhood trauma (CT) and
telomere shortening was found within the PTSD group. Additionally,
exposure to cumulative CT was linearly associated with shorter TL.
CT was assessed dichotomously by the participants’ perception of life
threat after experiencing physical neglect, family violence, physical
abuse, forced sexual touch, or forced sexual intercourse before the age
of 14 years. In a relatively large sample of 4441 women (aged 41-80
years) from the United Kingdom mean TL was significantly associated
with adverse experiences during childhood, also after controlling for
various covariates (e.g. social class, obesity, smoking status, preexisting
disease, physical health, and self-reported health) [57]. In this study
the number of adverse events until an age of 17 years reported by the
participants predicted whole blood TL negatively. Similar findings were
reported by Kananen et al. [10], who investigated 321 individuals with
anxiety disorder and matched controls (age 30-87 years) [10]. They
found that the total cumulative number of childhood adversities was
significantly associated with TL by the means of a linear relationship:
the more adversities subjects reported, the shorter their telomeres were.
Providing further support to these childhood adversities-TL erosion
findings, childhood maltreatment was significantly associated with TL
in a sample of 31 adults [13]. Tyrka and colleagues administered the
childhood trauma questionnaire (CTQ) to subjects with no current
mental disorder to check associations between CTQ and TL. According
to their CTQ scores, participants were allocated to a no-maltreatment
group when they reported no maltreatment or only moderate scores
in the five CTQ subscales “physical abuse”, “sexual abuse”, “emotional
abuse”, “physical neglect” and “emotional neglect”. Participants with
moderate to severe scores were selected for the maltreatment group
accordingly. Like the other authors, Tyrka et al. [13] found shorter
TL within the participants with childhood maltreatment (e.g. the
maltreatment group).

It is not only adverse childhood experiences that seem to be
significantly associated with TL. In a seminal study conducted on
a sample of 3000 subjects, PTSD was significantly associated with
shorter TL [58]. PTSD was assessed with the Posttraumatic Diagnostic
Scale and the Impact of Event Scale, and participants were assigned to
three different groups. Depending on their PTSD status, participants
were assigned to three different groups (i.e., no PTSD, partial PTSD,
and full PTSD). Even though significant differences could only be
detected between the no PTSD group and the two other groups (but
not between the partial PTSD, and full PTSD group), the findings

point towards a linear association in terms of a dose-response model:
the stronger the PTSD symptomatology, the shorter the mean TL.
Finally, a longitudinal study investigating the sequelae of rape in
64 females with PTSD, where of 23 were also diagnosed with major
depressive disorder (MDD), the authors provided further support
to the association between TL and PTSD (albeit not between TL and
MDD) [12]. In an investigation conducted on 650 volunteering US
army special operation units (with exposure to combat experiences),
[59] found lower LTL in participants who scored positive for PTSD,
compared with those who scored negative for PTSD. In 2014, Shalev et
al. [60] conducted an analyses in a subsample of 827 participants from
the Dunedin Study (N=1037 original birth cohort), where leukocyte
TL and psychometric data was available [60]. Their results showed that
the persistence of internalizing disorders (i.e. depression, generalized
anxiety disorder and PTSD) among men predicted shorter leukocyte
TL at age 38 in a dose-response manner. Where leukocyte TL data
was available at age 26 and later at age 38, they were able to predict
TL erosion over the given time. Male participants who developed one
of the previous described disorders over the course of the 12 years,
showed significantly stronger decline in TL than there healthy controls.
In order to explain the given sex difference in their study, the authors
cited consistent findings which found that men with mental disorders,
are at higher risk for mortality than females with mental disorders
and that physiological and biochemical systems, which are associated
with higher oxidative stress and inflammatory markers, might be more
affected in men with mental disorders. Further they hypothesized that
the sex difference might be due to the fact, that the study period covered
the women’s reproductive phase, which might act as a protective
factor for TL erosion. Estrogen is thought to have mitochondrial anti
oxidative properties. Further, telomerase expression and activity is
increased in the presence of estrogens. Therefore, the authors suggest,
women might be less susceptible to disorder-linked telomere erosion
during their reproductive phase.

Overall, these study results suggest that shortened TL might be the
biological consequences of stress exposure during lifetime. Together
with other risk factors (see below) TL might represent a plausible
biomarker for PTSD and disorders specifically associated with stress.
Nevertheless, it remains unclear how adverse life events affect TL
biology and further studies are needed to elucidate the mechanisms of
this trauma-TL association.

Intergenerational ~ Transference  of  Stress-induced

Psychopathologies

It is well established that environmental exposures such as
stress, trauma or exposure to toxins during fetal and early postnatal
development can lead to an increased incidence of adult-onset
diseases [61-64]. However, the mediating biological mechanisms
from environmental stressors to individual disorders remain unclear.
A recent study on mice demonstrated a potential mechanism which
might contribute to gene-environment interactions [65]. The authors
suggested that small non-coding (snc) RNAs might play a causal role
in transgenerational inheritance of traumatic experience by injecting
purified sperm sncRNAs from traumatized mice (by a model of
unpredictable maternal separation and unpredictable maternal stress;
MSUS) into wild-type fertilized mouse oocytes. RNA injected mice
showed significantly altered response to aversive conditions and even
depressive-like symptoms. At the same time the authors investigated
the glucose metabolism in the MSUS (F1) mice mentioned above,
non-traumatized control mice (F1 controls), and the offspring of both
groups (F2). Through glucose and insulin tolerance tests the authors
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suggested that the F2 MSUS mice showed insulin hypersensitivity
and over all a hyper metabolism. These findings are in line with the
in Figure 1 suggested pathways of TL erosion, since metabolism,
indirectly induced through psychological stress, might lead to shorter
TL. To our knowledge, there are no studies, which investigated those
mechanisms in humans so far. But a limited number of studies have
focused on transgenerational consequences of perceived parental stress
and telomere biology.

In 2011, Entringer et al. [66] investigated the association between
leukocyte TL in a sample of 94 healthy subjects and their exposure
to intrauterine stress (i.e., prenatal stress) [66]. Their parental stress
exposure was a significant predictor for TL length, even after controlling
for important potential confounders such as birth weight, early-life
stress and current stress. In 2013, the same group conducted a study on
27 mother-newborn dyads in order to assess how early maternal stress
levels during pregnancy (i.e. also prenatal) affect newborn leukocyte
TL [67]. In this second study, the authors found further evidence
for significantly shorter leukocyte TL in newborns from mothers
with greater stress exposure, indicating some sort of stress-related
programming reflected in newborn TL. The authors discussed that
stress-induced release of maternal hormones may lead to inflammation
and oxidative stress mediation.

As suggested by Gapp and colleges [65], the male germ line might
provide particular insights in the mechanisms of biological trauma-
transmission. Allsopp et al. [68] for example, reported that sperm
telomeres in human - maintained by telomerase - increase 71 base pairs
in length per year [68]. That implies that paternal TL deserves further
emphasis. While female germ cells develop and proliferate during the
second trimester of gestation and afterwards rest in post mitotic stage
[69], spermatogenesis in testis starts after puberty and continues until
death, and therefore-unlike oocytes — sperm cells rest mitotic and
proliferating. Sperm cells would enter senescence very early if it were
not for telomerase. Telomerase counterbalances the TL loss over time
in healthy mitotic cells, such as sperm cells, leading to a constant sperm
TL over time or even a slightly elongated sperm TL.

Previous studies have suggested that sperm TL of older men are
longer than those of younger men [68,70]. Given the correlation
between sperm TL and paternal age, it seems evident that PAC or
paternal age of birth (PAB) could serve as a proxy for the assessment
of TL inheritance in subsequent generations. Several research groups
have already used this procedure. Table 1 provides a brief overview of
studies conducted on samples in which PAC/PAB was associated with
offspring TL.

Broer [19] and colleagues investigated not only TL heritability
but also TL inheritance by investigating the correlation between
offspring TL and parental TL. They checked for paternal and maternal
effects separately and found a strong association with both parents
(mother-offspring correlation of r =.42; father-offspring-correlation of
r =.33) [19]. Interestingly, the meta-analysis also indicated a positive
association between PAB and offspring TL across five different samples
(Table 1). The older the fathers were at the birth of their children,
the longer the children’s mean TL was. Several other research groups
reported similar findings. In a study conducted on a sample of 2433
subjects (1176 men and 1257 woman) with an age-range of 35 to 55
years, PAB was positively associated with offspring TL [71]. In a study
from 2005, Unryn et al. [72] investigated 125 randomly chosen subjects
(51 men and 74 women), and also found a strong association between
PAC and offspring TL (r =.46) [72]. Njajou and colleagues reported
heritability estimates of 44% [17]. Consistent with the findings of
the other research groups, they also observed a significant positive
association between paternal TL and offspring TL and a significant
PAC-offspring TL association in a subsample, and therefore for TL
inheritance. Kimura [73] observed a significant association between
PAB and offspring TL in four different cohorts (resulting in a total of
3365 subjects. This was supported by findings from Arbeev et al. and
Eisenberg et al. [74,75].

TL and its Association with Transgenerational PTSD
Susceptibility

Most research on transgenerational aspects of stress has focused on

Age Effect
References Samples N m(sd)/range PAC/PAB r/ B) P
Erasmus Rucphen Family 560 26.7 (4.1) PAB B(TL/y)= 0.0086+0.0038 0.024
GRAPHIC Study 983 28.3 (4.2) PAB B(TL/y)= 0.0053+0.003 0.077
Broer et al. (2013) Leiden Longevity Study 1587 35.5(5.9) PAB B(TL/y)= 0.0029+0.0021 0.167
The Netherlands Twin Register 1305 30.0 (4.6) PAB B(TL/y)= 0.0080+0.0031 0.01
Queensland Institute of Medical Research 869 32.2(5.3) PAB B(TL/y)= 0.0066+0.0048 0.0013
Eisenberg, Hayes and Cebu sample (offspring) 1681 36 - 69-y PAB B(TL/y)= 0.0027+0.0013 > 0.0001
Kuzawa (2012) Cebu sample (grand children) 234 21-23y  GPAB B(TL/y)= 0.0029+0.0027 0.038
Arbeev, Hunt, Kimura, Aviv . 2177 } m: B(bply) =12.949.6; 0.012
and Yashin (2011) Family Heart Study 995 m/1182w)  O186Y PAB w: B(bply) =19.4%10.1 0.002
) 432 m: r=0.21 =0.001
Framingham Heart Study (235 m /197 w) 18-80y PAB W - ns
) 847 m:r=0.19 0.0003
Kimura et al. (2008) Family Heart Study (355m/a92w) OS2 84y PAB wir=0.14 0.016
T . . . 132 m:r=0.63 0.001
Longitudinal Study of Aging Danish Twins (44 m /88 w) 73-94y PAB W - ns
UK adult twin registry 1954 w 18-79y PAB w:r=0.17 0.001
) . 2433 | m: B(bply) =15.5+5.9 > 0.0001
De Meyer et al. (2007) Asklepios study population (1176 m / 1257 w) 35-55y PAB w: B(bply) =19.1%6.1 > 0.0001
L . . 229 _
Njajou et al. (2007) Amish families (89 m /140 w) 18-92y PAC B(bply) = 10.418.44 0.05
. 125 -
Unryn et al. (2007) Random subjects (51 m/ 74 w) 30-80y PAC r=0.46 0.01

PAC = parental age of conception; PAB = parental age of birth; GPAB = grandparental age of birth; TL/y = telomere length per years; bp/y = base pairs per years; m =

men; w = women.

Table 1: Overview of different studies that have investigated the effect of parental age of conception or birth on TL.
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individuals suffering from PTSD. Familial accumulation of PTSD has
led researchers to the conclusion that PTSD has a genetic component
[76-78]. In other words, parental PTSD appears to be a salient risk factor
for the susceptibility to develop a PTSD in subsequent generations.
In a seminal study conducted on Holocaust survivors (N=100) and a
demographically comparable control group (N=44), adult offsprings
of Holocaust survivors showed a significantly higher PTSD prevalence
compared to the offsprings of the control subjects [79]. Analyses on
a subset of the sample (N=39 offsprings of Holocaust survivors and
N=15 offsprings of the control group) further showed a significant
negative correlation between severity of parental PTSD and offspring
urinary cortisol, as well as a strong correlation between offspring PTSD
symptom severity and their cortisol levels [80], suggesting a biological,
transgenerational link between parental and filial PTSD symptomology
[80,81]. In yet another follow-up study using a different sample, the
same research group investigated the relationship between maternal
cortisol levels (from 38 mothers directly exposed to the World Trade
Center collapse) and cortisol levels from their one-year old infants.
Lower cortisol levels were observed in both babies and their mothers
who developed PTSD in response to September 11th compared with
mothers who did not develop PTSD in response to the same event and
their babies. Those findings might contain implications for the human
telomere biology.

A meta-analysis by Costantini, Marasco, and Meller analyzed the
effect of glucocorticoids on oxidative stress and noted that with an
overall Perason’s r =.55 the implications of glucocorticoids for oxidative
stress were significant [82]. Haussmann and colleagues injected
corticosterone into yolk of domestic chickens to test their hypothesis
weather the exogenous corticosterone influences cellular ageing
processes (i.e. oxidative stress and TL) during embryonic development
[83]. For outcome variables they analyzed the relationship between
reactive oxygen metabolites and total antioxidant capacity in two
treatment groups (high and moderate corticosterone injection) and one
control group. After injection and incubation, seven chickens per group
remained for analyzes. Birds with elevated prenatal corticosterone
showed more reactive oxygen metabolites after hatching and less total
anti oxidative capacity compared to controls. This differences between
the groups disappeared 40 minutes post-hatch, but all groups showed
significantly more reactive oxygen metabolites and less total anti
oxidative capacity. At the same time they found significantly shorter
TL in blood plasma of birds with higher corticosterone injections. This
study was most likely the first work that significantly demonstrated
the prenatal effects of glucocorticoids on TL dynamics. But together
with the findings on the influence of maternal stress on offspring TL
[65,67], the new findings from animal models [66,85] might suggest a
link between the 4 factors cellular metabolism, inheritance, telomere
biology and transgenerational consequences of PTSD and other stress
related disorders.

Evidence, however, is not completely consistent and some studies
question trans generational consequences of PTSD [84,85]. Sagi-
Schwartz et al. [84] investigated a sample of 196 female subjects (48
Holocaust survivors and 50 controls, each had one daughter) to
address trans generational effects form mothers to their daughters [84].
They found significant impacts of Holocaust in the first generation
but not the second generation. In a meta-analytic approach from 2008
integrating 13 non-clinical samples with 1012 subjects the authors
focused on a transmission of trauma to the third generation [85]. Like
in their study on secondary traumatization, the group stated no effect
of tertiary traumatization of Holocaust. Nevertheless, in both studies
the authors focused on psychological outcomes only (e.g. attachment-

style, cognitive worries, anxiety, general adjustment, aggression) but
not on biological indicators like Yehuda et al. [80] in their study on
cortisol levels of adult offspring. It is therefore of great importance to
investigate whether TL is affected by trans generational effects of PTSD.

Discussion

TL shows high inter- and intra-individual variability, and tends
to be crucially involved in the development of many physiological
and psychological conditions, specifically when associated with
stress. Besides the importance stress-related research, TL might be
a useful biomarker in transgenerational psychobiological research
and a potential target for a number of medical and bio psychosocial
interventions.

Three findings underline the idea that TL is an optimal candidate
for transgenerational PTSD research: a) TL is highly inherent and
heritable, stressing a transgenerational approach b) high amounts
of stress preceded the development of PTSD, which is also likely to
influence TL maintenance as discussed above, and ¢) PTSD induces
subsequent life-stress and arousal, which is why it is also likely to
contribute to TL maintenance.

The biological framework for stress-TL associations has yet to be
investigated, since there are currently two hypotheses, which might
explain the association between TL erosion and psychological variables.
The first hypothesis refers to an organism’s elevated arousal during the
experience of stress due to its inflammation [39]. More arousal leads
to more bodily activity and metabolism that leads to increased cellular
turnover. Elevated cellular turnover leads to more DNA replication
and therefore faster TL erosion over time. The second hypothesis states
that ROS (as molecular byproducts of metabolism) are responsible for
DNA damage [34]. Besides other factors, psychological stress reduces
anti oxidative activity. These two models are not mutually exclusive,
and it is likely that both have a substantial part in the processes of TL
erosion. More research is needed to complete the biological framework
behind psychological stress and TL erosion.

It is likely that besides “normal” TL inheritance, TL erosion due to
psychological stress might also be passed on to subsequent generations
and thus leads to physiological and mental disadvantages in the
filial generations. In other words, illness and diseases in subsequent
generations could be due to direct multigenerational exposure to
environmental factors, particularly to stress and trauma. However, it
remains unclear whether transgenerational TL elongation due to higher
PAC could compensate for such TL erosion. Clearly, further research is
needed to understand the biological transgenerational effects of stress
and trauma to prevent future adverse health outcomes in subsequent
generations. So far, few studies have investigated the role of maternal
prenatal stress-exposure in TL maintenance in their newborns. The
studies consistently support the hypothesis that increased physiological
activation (e.g. due to stress) or arousal can affect in utero telomere
biology. However, it remains unclear whether antenatal stress (i.e.,
parental stress-exposure before conception) moderates germ-line
transmission of TL. Though the significance and importance of PAC has
been investigated in healthy subjects, it remains to be clarified whether
the PAC-effect is fully or partially compensated in families with strong
TL erosion due to high antenatal stress-exposure and whether maternal
antenatal stress is transmitted to subsequent generations by the means
of TL maintenance.

In conclusion, by deepening our understanding of the biological
mechanisms underlying TL maintenance, and the relative importance
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of stress exposure for the trans generational development of stress-
related conditions and diseases via TL, telomere research may lead to
the improvement of not only more appropriate disease treatments but

a

Iso more suitable prevention approaches.
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