Psychobiological effects of juvenile violence exposure: effects on telomere erosion
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PART 1: The evidence base

The psychobiological outcome: Telomeres

Telomeres are the repetitive TTAGGG sequence at the end of chromosomes with
a main function to cap and protect the ends of chromosomes. This repetitive non-coding
sequence of telomeres is conserved throughout evolution, for all vertebrates, and is
thought to share a common ancestor over 400 million years ago (Meyne, Ratliff &
Moyzis, 1989). Telomeres can be seen as analogous to the plastic caps at the end of shoe
laces which keep the laces from unraveling. They play a major role in regulating cellular
replication, and shorten with increasing age in replicating human tissues. In certain cell
types, such as germ cells and stem cells, the length of telomeres is maintained by the
enzyme telomerase that can add telomeric repeats to the chromosome ends. Most somatic
cells, however, lack sufficient telomerase and as a consequence, telomeres shorten
progressively with each cell division. Upon reaching a critically short length, cells enter a
state of replicative arrest called senescence. Thus, progressive telomere shortening is
thought to serve as a molecular clock for cellular replicative aging (Sahin & Depinho,
2010).

The discovery of telomeres has a long and intriguing history dating back to the
early 20th century. The first hint that chromosomes ends bore special features came from
analysis of fruit fly mutants. In the early 1930s Herman Muller was using high energy x-
rays to produce mutants with deletions and inversions involving the ends of
chromosomes. Although Muller detected many flies with a wide spectrum of genetic
abnormalities, he never found mutants with deletions or inversions involving the natural
ends of the chromosomes. He noted that “the terminal gene must have a special function,
that of sealing the end of the chromosome, so to speak, and that for some reason a
chromosome cannot persist indefinitely without having its ends thus sealed” (Muller,
1938). Muller coined the term telomere for this terminal end from the Greek, meaning
simply ‘end part’. The fact that the end of chromosomes deserved a unique name was
important recognition that telomeres have a specific function.

In 1910s, following experiments conducted by Alexis Carrel, it was erroneously
believed that normal human cells had the capacity to divide and function indefinitely in
culture (Carrel, 1912). It was thought that aging could not be the result of events that
occurred within normal cells but rather the result of extracellular events. This erroneous
concept was held for almost 5 decades. In 1960s, the concept of cell immortality was
challenged by experiments published by Hayflick and Moorehead (Hayflick &
Moorhead, 1961). It was discovered that fibroblast cells have a built-in mechanism that
limit their replicative capacity, later named the 'Hayflick limit'. They theorized that the
limited capacity for normal cells to divide is an expression of aging, and that it
determines the longevity of the organism. Later it was found that the mechanism that
limits cellular replication was located in the nucleus of the cell.

The chain of discoveries continued in the early 1970s when Olovnikov
(Olovnikov, 1971) and Watson (Watson, 1972) independently recognized the 'end



replication problem’, the loss of nucleotides at each cell division, suggested that
telomeres are lost with each replication until a certain (Hayflick) limit, at which point the
cell arrest. Subsequent research confirmed that telomeres indeed get shorter with each
division and established the utility of telomeres as a molecular clock for cellular
replicative aging (Blackburn & Gall, 1978; Harley, Futcher & Greider, 1990).

Telomere length is important predictor of physical health and quality of life

In the last years, telomeres are emerging as a promising new candidate in
epidemiological research. Shorter telomere length (TL) and increased 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 (Bodnar et
al., 1998). Studies using animal models have provided support for the predictive utility of
TL early in life on the actual lifespan of birds (Heidinger et al., 2012), and the potential to
reverse tissue degeneration in aged, telomerase-deficient, mice by telomerase activation
(Jaskelioff et al., 2011). Other studies have shown that shortened telomeres are associated
with lower survival rate also in humans (Cawthon et al., 2003; Ehrlenbach et al., 2009Db).
The advent of high-throughput and cost-effective laboratory techniques that measure TL,
in buccal cells or peripheral blood cells, opened the gate to new studies linking shorter
TL with a broad range of risk factors that predict disease morbidity, including smoking,
obesity (Buxton et al., 2011; Nordfjall et al., 2008; Valdes et al., 2005), schizophrenia
(Yu et al., 2008), mood disorders (Simon et al., 2006), and psychosocial stress (Epel et
al., 2004; Kiecolt-Glaser et al., 2011). It was suggested that TL is a marker for biological
aging, rather than clock to chronological aging.

Literature linking juvenile violence victimization to telomere length

Childhood stress is associated with later-life physical and mental-health problems
(Dong et al., 2004; Nanni, Uher & Danese, 2011; Rich-Edwards et al., 2010; Riley et al.,
2010; Wegman & Stetler, 2009). 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 about the systemic
effects of stress (2006; Danese & McEwen, 2011; Miller, Chen & Parker, 2011). But the
questions of how and when childhood stress gets ‘under the skin' at the cellular level,
specifically in humans, remain to be answered.

In the past two years, several studies provided support for an association between
TL and childhood stress. Adult participants who reported physical or emotional neglect
had significantly shorter TL regardless of age, sex, smoking or body mass index (BMlI)
(Tyrka et al., 2010). Similarly, another study observed that shorter TL was associated
with a greater number of retrospectively reported childhood adverse life-events among
both anxiety disorder cases and control adults (Kananen et al., 2010). In another study of
healthy older adults including dementia family caregivers, it was shown that the presence
of multiple childhood adversities was related to shorter TL, regardless of age, caregiving
status, sex, BMI, exercise, and sleep (Kiecolt-Glaser et al., 2011). The authors reported
that the telomere difference could translate into a 7- to 15-year difference in life span



(Kiecolt-Glaser et al., 2011). In a case-control study of adults with chronic post-traumatic
stress disorder (PTSD) and control subjects, the authors showed that although PTSD
participants had shorter age-adjusted TL, childhood trauma seemed to account for the
PTSD group difference and only participants with PTSD and exposure to multiple
categories of childhood trauma had significantly shorter TL than control subjects
(O'Donovan et al., 2011a). In the first study of children, greater exposure to institutional
care was significantly associated with shorter TL in middle childhood (Drury et al.,
2011). However, in contrast to previous findings, one study failed to replicate the
association between TL and retrospective assessment of physical and sexual abuse in
childhood in a large cohort of adult twins (Glass et al., 2010).

Although these studies advance understanding of the link between childhood
stress and TL, they have relied on adult measures of TL and retrospective recall of stress
years after the stress was experienced (Kananen et al., 2010; Kiecolt-Glaser et al., 2011,
O'Donovan et al., 2011a; Tyrka et al., 2010) raising important questions about the true
nature of these findings. Interpretation of findings from cross-sectional studies of TL is
ambiguous in light of recent longitudinal analyses of repeated TL measurements. These
studies show that TL is highly variable across different age groups, that there is a
significant inter- and intra-individual variability, there is inverse correlation between
baseline TL and telomere erosion, and also show that, in some individuals, telomeres can
lengthen over time (Aviv et al., 2009; Chen et al., 2011b; Ehrlenbach et al., 2009a; Epel
et al., 2009; Farzaneh-Far et al., 2010; Nordfjall et al., 2009; Zeichner et al., 1999). These
recent findings indicate that the temporal process of telomere erosion is more complex
than initially assumed, and that repeated measures (not just length at one time point) are
needed to measure true telomere erosion in individuals who are experiencing stress.
Moreover, given the elapsed time between the putative stress exposure and the
measurement of TL, it has not been clear whether telomeres began eroding during stress
exposure or whether erosion occurred years later, possibly promoted by the sequelae of
childhood stress or other intervening variables. For example, given that maltreated
children often grow up to be in poor physical health as adults (Danese et al., 2009;
Springer et al., 2007) telomere erosion could be a consequence of later health problems,
as opposed to a proximal effect of maltreatment itself.

The hypothesis that childhood violence exposure would accelerate telomere
erosion in children was tested in the first prospective-longitudinal study in children, while
they experienced stress (Shalev, 2012). Violence was assessed as exposure to maternal
domestic violence, frequent bullying victimization and physical maltreatment by an adult.
Participants were 236 children (42% with one or more violence exposures) recruited from
the Environmental Risk (E-Risk) Longitudinal Twin Study, a nationally-representative
UK 1994-1995 birth cohort. Each child’s mean relative TL was measured simultaneously
in baseline and follow-up DNA samples. Based on evidence that the effects of stress are
cumulative (Felitti et al., 1998) the hypothesis was that cumulative exposure to violence
will be associated with accelerated TL erosion. Indeed, compared to their counterparts,
children who experienced 2 or more kinds of violence exposure showed significantly
more telomere erosion between age-5 baseline and age-10 follow-up measurements, even
after adjusting for sex, socio-economic status and BMI. This finding provided the first
evidence that stress-related accelerated telomere erosion can be observed already at
young age while children are experiencing stress (Shalev, 2012).



Caveats and open questions in the study of juvenile violence victimization and
telomere length

Although these recent findings support the hypothesis of stress-related telomere
erosion, even at young age, there are caveats and open questions that require further
research. First, although studies have reported on the association between different kinds
of violence exposure and telomere erosion, the question of what type of violence matter
the most is not entirely clear (e.g., physical abuse, domestic violence, bullying
victimization, sexual abuse, emotional abuse, physical neglect or emotional neglect). As
some studies suggest, the effect of stress might be seen most clearly when stress is
measured in a cumulative way (Danese & McEwen, 2011; Felitti et al., 1998; Shalev,
2012). This raises an important caution in stress research, more generally, that all
exposures are not necessarily alike and that considerable care needs to be take when
attempting to synthesize and interpret research about the psychobiological sequelae of
stress exposures. As more studies accumulate, it will also be possible to interrogate the
specific type and features of a stressor that matter most in relation to telomere erosion
(e.g., duration, severity, physical harm, perceived threat).

Second, longitudinal reports using repeated measurements of TL have revealed
that in some individuals telomeres can lengthen (Aviv et al., 2009; Chen et al., 2011b;
Ehrlenbach et al., 2009a; Epel et al., 2009; Farzaneh-Far et al., 2010; Nordfjall et al.,
2009; Shalev, 2012). Interestingly, most 'lengtheners' in those studies have shorter TL at
baseline raising important questions about the dynamics of telomere length in living cells
(Aviv et al., 2009; Ehrlenbach et al., 2009a; Nordfjall et al., 2009). Observed lengthening
could result from (a) measurement error, (b) regression to the mean, (c) differences in
cells sampled at different ages, or (d) meaningful telomere dynamics involving;
telomerase activity, alternative lengthening of telomeres or telomere trimming (the rapid
shortening of long telomeres) (Cesare & Reddel, 2010; Pickett & Reddel, 2012; Slatter et
al., 2012; Svenson et al., 2011). Several studies have suggested a theoretical explanation
for telomere dynamics. TL appears to oscillate over short periods of time which levels
out at longer follow-up measures (Chen et al., 2011a; Svenson et al., 2011). Others
theorized that there is an upper limit on TL and that TL is maintain in an equilibrium in
cells that have a telomere elongation mechanism. Thus, since TL can predict health
outcomes, the mechanisms that regulate TL are of great interest and demand more
investigation.

Third, there are tradeoffs regarding the best ways to measure TL (Nakagawa,
Gemmell & Burke, 2004). The three main methods to assess telomere length are (a)
Southern blot analysis of the terminal restriction fragments (TRF) (Allshire, Dempster &
Hastie, 1989), (b) Quantitative RT-PCR to measure the ratio between a single-copy gene
and telomeric repeat region (T/S ratio) (Cawthon, 2002), and (c) Fluorescence in situ
hybridization (FISH) methods; Quantitative-FISH (Q-FISH) and flow-FISH (Poon &
Lansdorp, 2001; Rufer et al., 1998). All three methods measure the average length of
telomeres in a specific cell population. The southern blot method measure telomere
length in kilobases of not only the telomeric region (TTAGGG sequence) but also the
sub-telomeric region. In contrast, both the T/S ratio and FISH methods measure the
average telomere length of the telomeric region. The T/S ratio is compared to a standard



reference sample and thus the ratio of one individual to another will correspond to the
relative telomere lengths of their DNA. FISH methods can also determine the specific
telomere length in distinct cell populations or measure the specific length in individual
cell or chromosome. However, FISH methods, especially the Q-FISH, are highly
technical which limits their use. 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 higher rate of measurement error compare with the other
methods. Taken together, although all methods are highly correlated (compared to TRF
method; R?=0.67-0.85 for T/S ratio, R?=0.87 for flow-FISH, R?=0.90 for Q-FISH)
(Aubert, Hills & Lansdorp, 2012; Aviv et al., 2011), each method has advantages and
disadvantages and there is still a debate about the optimal way to measure TL for a given
study. In addition, 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.

Lastly, another question concerns the measurement of TL in different tissues
(Hewakapuge et al., 2008). Because of ethical difficulties obtaining blood from children
in the community, most studies in children have used buccal cells (Drury et al., 2011;
Kroenke et al., 2011; Shalev, 2012), instead of the peripheral blood cells more commonly
used in studies of adults. However, buccal swabs may not only yield buccal cells, and it is
possible that infiltration of immune cells due to poor oral hygiene or infection can alter
the oral cell composition which has different telomere dynamics than buccal cells.
Moreover, even when estimating TL from blood cells, different population of cells (e.g.,
granulocytes, T cells, B cells, natural Kkiller cells) may give rise to false estimates of TL
(Ouyang et al., 2007; Rufer et al., 1998). For example, telomerase is active to a different
degree in different cells and tissues which may affect the length of telomeres (Autexier &
Greider, 1996). TL might also vary among different cells and tissues due to factors such
as cell turnover rates, stem cell capacity, exposure to oxidative damage, or dynamic
regulation of telomeres (Monteiro et al., 1996; Rufer et al., 1999b; Weng et al., 1995).
There are limited studies on the comparability between different tissues (Butler et al.,
1998; Friedrich et al., 2000; Thomas, NJ & Fenech, 2008). In the case of buccal cells and
blood cells, positive correlations have been reported between TL from both type of cells
(Gadalla et al., 2010). In addition, buccal cell TL has been associated with age-related
disease (Broberg et al., 2005), although one report showed no significant correlation
between TL from buccal cells and white blood cells (Thomas et al., 2008). Recent reports
suggest that estimating TL from buccal cells can detect effects of stress, although
validation in larger studies that measure TL from multiple tissues is needed.

What are the mechanisms linking juvenile violence victimization to accelerated
telomere erosion?

Previous studies have raised the question of what biological processes explain the
association between stress and telomere erosion. Currently there are no studies that
address the question of causality. Most of the insights about mechanisms associated with
telomere erosion originate from research on oxidative stress and inflammation, indicating
both as important influences on TL (limonen, Kotrschal & Penn, 2008; O'Donovan et al.,
2011b; Shiels et al., 2011; von Zglinicki, 2002). Telomeres are sensitive to damage by
oxidative stress, as demonstrated by experiments showing increased erosion under



conditions of high reactive oxygen species in vitro (von Zglinicki, 2002). Intriguingly, a
recent study showed that up to half of the DNA damage foci in stress-induced
senescence, whether it is caused endogenously by oxidative stress or exogenously by
DNA-damaging agents, are located at telomeres irrespective of telomerase activity
(Hewitt et al., 2012). The results of this study imply that telomeres are important targets
for stress both in vitro and in vivo. Inflammation is associated with increased proliferation
of immune cells and, as a consequence, with more telomere erosion (Goronzy, Fujii &
Weyand, 2006). Childhood stress predicts elevated inflammation (Danese et al., 2007),
suggesting a possible cause for the increased telomere erosion observed in victims of
violence. Research is needed to test whether effects of stress on telomere erosion are
mediated by oxidative stress, immune-system changes or other factors in children.

PART 2: Implications for prevention and intervention

By now, studies have implicated age-related TL as important determinant of
morbidity and mortality, with most of the information arising from studies of adult or old
populations. However, although the word *aging’ is visualized with old age and older
people, ‘aging’ in the sense of TL is a life-course phenomenon that begins at birth. There
is some evidence to suggest rapid TL erosion of infants very soon after birth, and for the
first years of life, corresponding with the rapid growth rates and high production and
turnover of cells (Rufer et al., 1999a; Zeichner et al., 1999). This erosion then continues
in a steadier and moderate rate into childhood and adulthood and into old age (Eisenberg,
2011). The manifestation of age-related diseases is seen mostly at old age but the aging
process can be view as a life-time course. Given that children who are victims of violence
show faster erosion rate of TL (Shalev, 2012), early intervention and prevention
strategies can ameliorate the acceleration of aging processes early in life.

The fostering efforts to reduce the burden of child maltreatment and later-life
physical and mental-health problems include multilevel strategies from the molecular,
psychological, behavioral and policy perspectives. From the cellular perspective, the
growing field of telomeres, and the better understanding of the processes that underlie
stress-related accelerated aging, is a potentially promising new avenue for prevention and
intervention. Studies suggest that not all individuals age at the same speed and there are
several factors that contribute to the acceleration of the aging processes with a strong
indication of stress as a prominent factor.

There are several indications that healthy lifestyle factors and stress-coping
interventions can alter the rate of telomere erosion and improve our wellbeing. Evidence
from genetically modified mouse model demonstrates that activation of telomerase can
reverse many of the hallmarks of aging (Jaskelioff et al., 2011). Studies of humans have
provided further support. Longer telomeres have been associated with; years of healthy
life (Njajou et al., 2009), physical activity during leisure time (Bendix et al., 2011;
Cherkas et al., 2008) and the buffering effect of exercise on stress (Puterman et al., 2010),
multivitamin use (Xu et al., 2009), higher folate levels (Paul, 2011) and higher vitamin D
levels (Richards et al., 2007). Moreover, in one study, healthy diet and having high social
support attenuated the relationship between short TL and presence of heart disease (Diaz
& Samani, 2010). In another study, reduction of psychological distress was associated



with increase telomerase activity (Daubenmier et al., 2011). Finally, 3-month meditation
intervention was associated with higher telomerase activity and improved health profiles
(Jacobs et al., 2011). Taken together, healthy lifestyle factors, psychological support and
stress-reduction interventions can improve the rate of cellular aging and ameliorate the
deleterious effects that stress and violence have on our telomeres.

Research recommendation

In conclusion, the literature provides evidence that stress-related accelerated
telomere erosion can be observed already in childhood. This suggests the importance of
integrating telomeres as stress markers in research to evaluate the effects of maltreatment
on young victims. TL measurement is now offered to adults as a diagnostic tool to
monitor health and predict disease risk (Wolinsky, 2011). It is conceivable that research
may eventually implicate TL measurement in clinical pediatrics. However, extreme
caution should be taken as more research is needed to uncover mechanisms that govern
TL dynamics. Notwithstanding, therapeutic strategies aims at the deceleration of
telomeres are potentially important target for treatment of young victims of violence.
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