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1. SUMMARY OF MAIN FINDINGS  

This section summarizes the main findings per chapter. The general aim of this thesis was 

to study associations of depressive and anxiety disorders with markers of cellular aging. 

More specifically, the first aim was to investigate cross-sectional associations of telomere 

length with depression and several anxiety disorders. The second aim was to test 

associations of telomere length with established risk factors of depressive and anxiety 

disorders, namely childhood trauma and recent stressful life events. The third aim was to 

provide insights into the longitudinal trajectories of depressive and anxiety disorder and 

telomere length and mitochondrial DNA (mtDNA) copy number over time. Last, our 

fourth aim was to shed more light on possible mechanisms underlying the association 

between depressive and anxiety disorders and telomere length. 

In Chapter 2, we tested cross-sectional associations between major depressive disorder 

(MDD) and telomere length in the Netherlands Study of Depression and Anxiety (NESDA). 

In this study we showed that telomere length was shorter in 1,095 persons with a current 

6-month MDD diagnosis (effect size: Cohen’s d=0.12; p=.027 ) and 802 persons with 

remitted MDD, who had a lifetime history of MDD but no current diagnosis (Cohen’s 

d=0.12; p=.036), as compared to 510 never-depressed control subjects. Further, within 

the current MDD patients, we showed that both higher depression severity (p=.004) and 

longer symptom duration in the past 4 years (p=.010) were associated to shorter 

telomere length, suggestive of a ‘dose-response’ association. 

Chapter 3 consists of a study with a similar cross-sectional design in NESDA. This study 

showed that 1,283 persons with a current anxiety disorder (social phobia, generalized 

anxiety disorder and panic disorder with agoraphobia) had shorter telomere length than 

582 controls (Cohen’s d=0.13; p=.01). Interestingly, 459 persons with a remitted anxiety 

disorder did not differ from controls in telomere length (p=.84), however, telomere 

length showed a positive association with time since remission (p=.024). A group of 225 

persons who remitted up to 9 years ago had shorter telomere length than 220 persons 

who were remitted for 10 years or longer (Cohen’s d=0.22; p=.022). Furthermore, anxiety 

severity scores were negatively associated with telomere length in the whole sample, but 

not in the current anxiety disorder sample only.  

The aim of Chapter 4 was to investigate the cross-sectional association of telomere length 

with late-life depression in persons older than 60 years from the Netherlands Study of 

Depression in Older persons (NESDO). Results of this study showed that telomere length 

did not differ between 355 person with late-life depression and 128 never-depressed 

controls (p=.59). Moreover, in this sample we found no association between telomere 

length and symptom severity, duration, age at onset of depression or comorbid anxiety 
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disorders (all p-values >.20). These null-findings are in contrast with the results of Chapter 

2 which described a telomere length-depression association in younger adults. 

Chapter 5 concerns a meta-analysis on the link between telomere length and psychiatric 

disorders, including depressive disorders, psychotic disorders, bipolar disorder, 

posttraumatic stress disorder (PTSD) and other anxiety disorders, with data from 32 

studies (5,289 cases and 9,538 controls). The overall meta-analysis demonstrated a 

significant effect size (effect size: g=-0.50; p<.001), indicating that psychiatric disorders 

were associated with shorter LTL. More specifically, subgroup effect sizes were significant 

for depressive disorders (g=-0.55; p=.004), PTSD (g=-1.27; p=.003) and anxiety disorders 

(g=-0.53; p=.05), but not for bipolar disorder (g=-0.26) or psychotic disorders (g=-0.23). 

Meta-regression showed, however, no significant difference in the effect size estimates 

between the different disorder subgroups. This suggest that shorter telomere length may 

not be limited to current diagnostic constructs but may instead reflect underlying 

pathophysiological processes that surpass traditional diagnostic categories. 

In Chapter 6, we examined the cross-sectional association between early and recent 

psychosocial life stress with telomere length in 2936 participants from NESDA. This study 

showed no relationship of childhood life events (p=.805) and childhood trauma (p=.205) 

with telomere length. However, persons had shorter telomeres if they reported more 

stressful life events in the past year (p=.028) or up to 5 years ago (p=.018), but not if 

events occurred more than 6 years ago (p>.10). These results show that the more 

proximate the psychosocial life stress to telomere length measurement, the more likely 

they were related. This might indicate that persons are to some extent able to 

physiologically recover from the effects of psychosocial life stress.  

Chapter 7 consists of a review paper that discusses the hypothesis of reversibility of 

cellular aging in depression. Animal research and in vitro studies provided evidence that 

recovery of telomere length to some extent is possible. Further, intervention studies 

including lifestyle changes, stress reduction, social support and psychotropic medications 

may favorably impact the telomere / telomerase system, possibly by normalizing various 

underlying physiological dysregulations. However, the evidence is preliminary and no 

definitive conclusions can be drawn. Large-scale longitudinal or intervention studies that 

could shed more light on the possibility of reversibility are lacking.  

In Chapter 8 we examined longitudinal associations of depressive and anxiety disorders 

with telomere length in NESDA. This study with psychopathology and telomere length 

data of 2936 participants at baseline and 1883 participants at 6-year follow-up showed 

that persons with current (p=.017) and remitted (p=.046) diagnoses had consistently 

shorter telomere length compared to controls, confirming our earlier cross-sectional 

findings. We also showed negative associations between telomere length and the severity 
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of depressive (p=.007) and anxiety symptoms (p=.009), indicating that the most severe 

patients had the shortest telomeres. However, changes in the course of depressive or 

anxiety disorder characteristics over 6 years, were not associated with different telomere 

attrition rates over 6 years. These results indicate that psychopathology and telomere 

length do not dynamically change together over time.  

Chapter 9 again looked at longitudinal associations, now in the Coronary Artery Risk 

Development in Young Adults Study (CARDIA) sample. Here, we analyzed data on 

depressive symptomatology, assessed with the Center for Epidemiologic Studies 

Depression (CES-D) scale, and two markers of cellular aging, namely telomere length and 

mtDNA copy number, from 977 persons over 10 years. Results showed that having long-

term high levels of depression was associated with shorter average telomere length 

(p=.038), but no within-person associations were found between changes in depressive 

symptoms and concurrent changes in telomere length (p=.635). These findings, in line 

with Chapter 8, suggest that the relation between depression and telomere length 

reflects a between-person, rather than a within-person, effect. Further, in this study, we 

did not find evidence for a relationship between depressive symptomatology and mtDNA 

copy number. 

In Chapter 10, we tested cross-sectional associations between telomere length and three 

major physiological stress systems in 2936 participants of NESDA. Physiological stress 

systems included the immune-inflammatory system, hypothalamus-pituitary adrenal-axis 

and autonomic nervous system. Results showed that higher levels of the inflammatory 

markers CRP and IL-6, higher cortisol awakening response and higher heart rate were 

associated with short telomere length. Next, we found that the number of such 

physiological dysregulations was associated with shorter telomere length, indicating a 

dose-response relationship (1, 2 or 3-4 dysregulations versus no dysregulations, all p-

values <.01). Overall, these findings indicate that a dysregulated physiological stress 

response is accompanied by shortened telomere length, although cause and effect 

remain to be explored. 

The last study of this thesis, Chapter 11, examined the extent to which physiological 

stress systems, metabolic syndrome components and lifestyle factors explain the 

relationship between depressive and anxiety disorders and telomere length. Mediation 

analyses showed that CRP, IL-6, waist circumference, triglycerides, HDL cholesterol and 

cigarettes smoking were significant mediators in the relation between psychopathology 

and telomere length. Subsequently, when all significant mediators were included in one 

model, the effect sizes of the relationships between telomere length and symptom 

severity and current diagnosis were reduced by 36.7% and 32.7%, respectively, and the 

remaining direct effects were no longer statistically significant. 
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2. DISCUSSION OF MAIN FINDINGS 

In this section the main findings per aim are discussed in relation to other literature. 

Subsequently, clinical implications and methodological considerations are addressed, 

along with recommendations for future research. Finally, this chapter ends with an 

overall conclusion. 

 

2.1 Are depressive and anxiety disorders cross-sectionally associated with telomere 

length? 

At the start of this thesis only a few studies had provided preliminary, but inconsistent, 

evidence of a relation between depression and telomere length (1-5). In Chapter 2, we 

showed that 1,095 persons with major depressive disorder (MDD) had on average shorter 

telomeres compared to 510 never-depressed controls (effect size: Cohen’s d=0.12; 

p=.027). Also, 802 persons with MDD in remission had shorter telomeres than controls 

(Cohen’s d=0.12; p=.036) (6). When published in November 2013 this was the largest 

study to that date, which convincingly showed that persons with a lifetime depression 

diagnosis had shorter telomere length than their never-depressed and similarly aged 

counterparts. We further showed that the association between MDD and telomere length 

showed a ‘dose–response’ gradient, since the most severely and chronically depressed 

patients had the shortest telomeres (Cohen’s d = 0.21; p=.004). Since then, a dozen of 

studies have looked at this association, mostly – but not all (e.g. (7)) – confirming shorter 

telomere length in the depressed population. In 2015, Schutte et al. (8) published a meta-

analysis on the association between depression and telomere length showing a significant 

overall effect size (r=−.12, p<.001). This meta-analysis contained 25 studies with 21,040 

participants and included studies that depression measured by clinical diagnosis and by 

self-report. Although there was no difference in effect size between studies that assessed 

depression by clinical diagnosis and those that used self-report, only a minority (3 out of 

10) of individual studies using self-reported depression showed statistically significant 

associations, while studies with clinical diagnosis showed a more consistent picture. The 

in Chapter 5 presented meta-analysis (9) included 2,227 depressed patient versus 3,142 

controls and again provided evidence for a significant association between clinically 

diagnosed depression and shorter telomere length (Hedges’ g=-0.55, p=.004). Effect sizes 

of the association between depression and telomere length were overall small to medium 

in magnitude, which might be due to the heterogeneity of the depressed population as 

well as the variety of other factors that influence telomere length such as somatic health, 

lifestyle and heritability. Last, a recent large-scale study in the China Oxford and VCU 

Experimental Research on Genetic Epidemiology (CONVERGE) consortium which showed 

that 5,864 women with recurrent depression had shorter telomere length than 5,783 
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matched controls (10). Altogether, research in the past decade confirmed a cross-

sectional association between clinical depression and shorter telomere length. 

The association between anxiety disorders and telomere length has been less well 

studied. Kananen et al. (11) were to first to report on shorter telomeres in patients with 

panic disorder, generalized anxiety disorder (GAD), social phobia or agoraphobia, but they 

only confirmed this association in the older half of the anxiety disorder patients (>48 

years old) and not in the whole sample of 321 patients compared with 653 controls. 

Further, research in non-psychiatric samples showed that higher stress appraisals (12) 

and high phobic anxiety (13) were negatively associated with telomere length. The study 

described in Chapter 3, which is the largest study to date, showed that 1,283 patients 

with a current anxiety disorder had on average shorter telomere length compared to 582 

controls (Cohen’s d=0.13; p=.01) (14). More specifically, within the current anxiety 

disorder group, patients with panic disorder with agoraphobia, social phobia and GAD, 

but not panic disorder or agoraphobia alone, had significantly shorter telomere length 

than the control group. More recently, Needham et al. (15) did not find a difference in 44 

panic disorder or GAD patients, compared to 1058 controls. However, when stratifying by 

sex, they did find a telomere length difference within the female anxiety patients and 

controls. The meta-analysis in Chapter 5 including 1,599 anxiety disorder patients and 

2,268 controls from our study and the two other studies reviewed here (11,14,15), found 

a significant effect size for anxiety disorders and telomere length (Hedges’ g=-0.53, 

p=.05), establishing a cross-sectional association between current anxiety disorders and 

short telomere length.  

Interestingly, and in contrast with our findings in the depressed population in 

Chapter 2, the study in Chapter 3 showed that 459 participants with remitted anxiety 

disorder resembled the 582 healthy controls in terms of telomere length (p=.67). The 

different findings of remitted MDD and remitted anxiety disorder patients might be due 

to different psychopathology-associated physiological consequences. Alternatively, the 

difference might be the result of relatively higher levels of residual symptoms and shorter 

time to remission in the remitted MDD group. Persons who have had a depressive 

episode often continue to have elevated depressive symptomatology after remission 

(16,17). In NESDA we indeed found that remitted MDD patients on average still reported 

mild symptomology, whereas patients with remitted anxiety disorder scored below the 

clinically relevant cut-off scores on self-reported symptoms inventories. Further, our 

cross-sectional studies showed that time since remission was positively associated with 

telomere length in the remitted anxiety disorder group, but not in the remitted MDD 

group. It should be noted that these findings might still be in line with a dose-response 

relationship. In Chapter 3, we found that anxiety severity scores were indeed negatively 
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associated with telomere length across the total study sample, including controls, 

remitted and current patients, suggestive of a dose-response effect (14).  

In contrast with the rather convincing evidence of a cross-sectional association 

between depression and telomere length described above, Chapter 4 displayed a 

contradicting picture. In this study by Schaakxs et al. (18), we showed that telomere 

length did not differ between 355 individuals with current late-life depression and 128 

never-depressed controls from NESDO. Persons in the study sample had an average age 

of 70.5 years with a range of 60 to 93 years. Telomere length was related to age, sex and 

the number of chronic diseases, but not to any of the clinical characteristics such as 

depressive symptom severity, duration of the disorder, comorbid anxiety disorder, apathy 

severity or antidepressant use. While this is conflicting with the substantial evidence for 

an association in younger adults, our results correspond with two studies that failed to 

find an association between self-reported depressive symptoms and telomere length in 

older adults (>70 years) (19,20). Further, Phillips et al. (21) found depressive symptoms to 

be related to telomere length only in a young cohort of 37 year-olds, but not in middle-

aged (57 years) or older (76 years) adults. Wikgren et al. (22) and Hoen et al. (4), with 

samples that had a mean age of 59.1 years and 66.7 years  respectively, did find shorter 

telomere length in the depressed, which might be due to their slightly younger samples 

and larger standard deviations (11.9 and 10.6 versus 7.3 in our study) suggesting a larger 

age range and consequently a higher chance of picking up the cross-sectional telomere 

difference in younger (<60 years) adults. In their meta-analysis, Schutte et al. (8) found a 

borderline significant association between mean age and effect size, indicating that the 

lower the mean age of the sample, the stronger the association between depression and 

telomere length. A possible explanation for this weakening of the depression-telomere 

length association with advancing age might be that as a result of increased aging-related 

diseases and accumulated damage over the life span in both the depressed and in 

controls, “cellular” effects of depression alone might not be detectable. Further, etiology 

and presentation of depression differs between younger and older adults (23), and 

consequently varies in associated physiological dysregulations. A last explanation for null-

findings in NESDO might be that a study cohort especially recruiting older persons might 

be biased by a healthy survivor effect; that is, those with the most damaged physiology 

and possibly shortest telomeres might have passed away or were in such bad condition 

that participation in a scientific study was not feasible. Consequently, results of studies in 

older persons including NESDO might show an underestimation of the true effect. 

Conclusion 1: MDD and anxiety disorders are cross-sectionally associated with shorter 

telomere length. Associations between MDD and telomere length were not similarly 

present in older adults (>60 years). 
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2.2 Is psychosocial life stress cross-sectionally associated with telomere length?  

The first evidence of an association between psychological stress and cellular aging came 

from a collaboration of health psychologist Elissa Epel with biochemist and Nobel Prize 

laureate Elizabeth Blackburn at the University of California, San Francisco. In 2004 they 

published a study that examined telomere length in a sample of 39 stressed caregiving 

mothers with chronically ill children compared with 19 age-matched controls (24). They 

found that the years of providing care to a chronically ill child was related to shorter 

telomeres in the caregiving mothers, whereas the perception of stress was related to 

shorter telomeres across the complete sample. Researchers have since then linked 

psychosocial stress to shorter telomeres in a variety of samples, recently summarized in a 

meta-analysis by Schutte et al. (25). This meta-analysis found a significant effect size (r=-

0.25; p<.001) for the association between perceived stress and telomere length in 1,143 

persons from eight studies. These studies included caregivers of chronically ill children or 

Alzheimer’s disease patients, women with a sister with breast cancer and persons with a 

somatic condition such as fibromyalgia, chronic pain or mastocytosis. Similarly, shorter 

telomere length was found in women with a history of partner violence (26) and even in 

relation with perceived poor neighborhood quality (27) which might be a proxy for 

psychosocial stressors such as vandalism or crime. In line with this, Chapter 6 showed 

that experiencing recent stressful life events was related to shorter telomeres in 2,936 

participants of NESDA (28). Stressful life events included, among others, the loss of a 

friend or family member, losing a job, separation from a partner or serious financial 

problems. Interestingly, we found that persons with life events that happened in the past 

year (p=.028) or 1 to 5 years ago (p=.018) had shorter telomere length than those without 

any life events, while the association was no longer evident when life events happened 

more than 6 years ago (p=.100). Thus, the more proximal the stressors occurred to 

telomere length assessment, the more likely they were associated. Similar to the findings 

in remitted anxiety disorder patients in Chapter 3 – but not remitted MDD in Chapter 2 – 

this might suggest that people are to some extent able to physiologically recover from 

psychosocial stress.  

Another topic of interest in recent years was whether psychosocial stress early in 

life, such as adverse events that happened during childhood, are associated with shorter 

telomeres in adulthood. This might help explain the enduring consequences of childhood 

adversities into adulthood, including increased risks for psychiatric disorders and several 

somatic conditions (29). In 2010, Tyrka et al. (30) were the first to suggest shorter 

telomere length in 10 persons who reported histories of childhood maltreatment 

compared with 21 individuals without histories of maltreatment in childhood. Since then, 

studies examining associations of telomere length with childhood life events, such as the 

death of a parent, and childhood trauma, including maltreatment or neglect, yielded 
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mixed results (29,31). Chapter 6 examined associations between retrospectively assessed 

childhood adversities and adult telomere length in 2,936 NESDA participants. We found 

no associations between telomere length and any of the early life events, including 

parental loss, divorce of parents, separation from home, emotional neglect and 

psychological, physical or sexual abuse. These results corresponded to research of Glass 

et al. (32) who found no telomere length difference between 123 persons that reported 

maltreatment in childhood versus 1,751 controls, and Savolainen et al. (33) who found no 

difference between 215 persons had had been temporarily separated from both parents 

in childhood and 1,271 controls. In contrast, large-scale studies by Kananen et al. (N=974) 

(11) en Surtees et al. (N=4,441) (34) did find shorter telomeres in those that experienced 

adversities during childhood. An explanation for these conflicting outcomes could be that 

studies with positive results actually captured enduring psychosocial stress during life as a 

consequence of childhood adversity, and thus might reflect an association of short 

telomeres with recent and early life stress together rather than early life stress alone. 

This suggestion is supported by two studies that found effects of childhood adversities on 

adult telomere length, but only in patients with current posttraumatic stress disorder (35) 

or persons who had also experienced traumatic events across the life span (33). Along 

those lines, it might be possible that mitigating psychosocial or genetic factors protect 

some, but not all, individuals with early trauma from durable physiological dysregulations. 

On the contrary, early life stress might indeed impact cellular aging, as a consequence of 

altered responsiveness of the nervous system and immune system (36) and some studies 

failed to find this association due to methodological flaws; for example, the possible 

inaccuracy of retrospective measures of childhood events due to errors in recall, or the 

use of study samples with a wide variety of psychological and somatic health statuses, 

thereby masking direct effects of childhood adversity on adult telomere length. Evidence 

of an association between early life stress and telomere length thus remains inconclusive 

and future research, preferably in longitudinal nationally representative samples, should 

provide clarification.  

Interestingly, a study by Schaakxs et al. (37) in the NESDO sample again failed to find 

any association between measures of psychosocial stress, including childhood adversities, 

recent stressful life events and loneliness, with telomere length in older adults. This adds 

evidence to the hypothesis that accumulated (cellular) damage over the life span might 

make it improbable to detect effects of one sole factor, such as childhood trauma or 

reported loneliness, on the cellular level in the elderly. Another finding of note here is 

that several studies found evidence for an association between psychosocial stress during 

childhood and telomere length concurrently measured in children (38-40), which provides 

further evidence for the association of recent psychosocial stress and shorter telomere 

length. 
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Conclusion 2: Recent psychosocial life stress is associated to shorter telomere length, 

with indications that the more proximal to telomere length measurement, the stronger 

the association. Evidence of associations between early psychosocial life stress and 

adult telomere length remains inconclusive.  

 

2.3.1 What are the longitudinal trajectories of depressive and anxiety disorders and 

telomere length over time?  

Research in the past decade has established a cross-sectional association between 

depressive and anxiety disorders and shorter telomere length, as discussed above. An 

interesting question that arises from these findings is whether this indication of 

accelerated cellular aging in these patient groups is reversible. In other words, is telomere 

shortening associated with having a depressive or anxiety disorder permanent or is 

recovery from such disorders accompanied by a normalization of telomere length? This is 

the central question of Chapter 7 in which we discussed whether cellular aging in 

depression specifically, reflects a permanent imprint or a reversible process (41). The 

main mechanisms to restore telomeric DNA is the activity of the ribonucleoprotein 

cellular enzyme telomerase. Both animal research and in vitro studies have shown that 

upregulation of telomerase activity can restore telomere length, for example in 

telomerase-deficient mice (42) and in stem cells derived from dyskeratosis congenita 

patients (43). The extent to which these findings can be generalized to in vivo human cells 

remains, however, unclear.  

Longitudinal studies in humans show that while the majority of people shorten or 

maintain telomere length over time, a subsample shows telomeres lengthening. As we 

describe in Chapter 7, it is difficult to distinguish whether this represents actual telomere 

lengthening or rather a “pseudo-lengthening” due to a redistribution of cell 

subpopulations in the blood – since telomere length is often measured in whole blood 

leukocytes (41,44). Either way, telomere lengthening, counteracting the normal process 

of shortening due to the end-replication-problem, seems to some extent possible. A 

consistent finding in longitudinal research, moreover, is that longer telomeres at baseline 

tend to shorten more over time, while shorter telomeres have a higher chance of 

lengthening. This effect is suggested not to be simply due to methodological ‘regression 

to the mean’ (45). Rather, it might reflect a compensatory effect, possibly resulting from 

an internal telomere homeostasis system, where telomerase has a selective preference 

for critically short telomeres, thereby protecting the chromosome from end-to-end fusion 

and genome instability (46).  

Chapter 7 further provides a summary of intervention studies that aimed to impact 

telomere length or telomerase activity. Interventions range from lifestyle changes to 
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social support and yoga or mediation practice, and have overall yielded mixed results 

(41). Intervention studies in psychiatric samples specifically are very limited. One study by 

Wolkowitz et al. (47) examined effects of antidepressant medication on telomerase 

activity in 16 medication-free depressed individuals. They reported that lower baseline 

telomerase activity predicted a better treatment outcome after an eight-week treatment 

with sertraline, although telomerase activity did not significantly change with 

antidepressant treatment. Based on literature described up until now, which consists of 

cross-sectional studies in depressive and anxiety disorder patients and intervention 

studies aimed at impacting telomere homeostasis mostly in non-psychiatric samples, it 

remains unclear to what extent telomere length changes dynamically along with the 

course of depression or anxiety disorders. The next paragraph will further elucidate this 

important question by discussing evidence from two longitudinal, observational human 

studies described in Chapter 8 and 9 of this thesis.  

In 2011, Hoen et al. (4) were the first to present a study with depressed patients 

and two measures of telomere length over time. Data from both time points was 

complete for 127 MDD patients and 481 non-depressed participants; and results showed 

that MDD at baseline was not predictive of five-year change in telomere length after 

adjustment for baseline telomere length and several other covariates. Shalev et al. (48) 

reported on longitudinal data from New Zealand’s Dunedin study in which data on 

internalizing disorders (depression, GAD and PTSD) was collected on multiple time points 

between age 11 and 38 years, and telomere length was assessed at age 26 and 38 years. 

They found that the number of assessments with an internalizing disorder between age 

11 and 38 years was negatively related to telomere length at 38 years in 419 men, but not 

in 408 women. Further, men with depression (N=80) or GAD (N=30) between 26 and 38 

years had greater telomere shortening than those without a diagnosis (N=290) in that 

same time frame. Again, this association was not present in women with internalizing 

disorders. These results suggest that having a depressive or anxiety disorder is associated 

with faster telomere attrition in men. In Chapter 8 of this thesis we examined the course 

of telomere length and depressive and anxiety disorder data over time in the NESDA 

study. The study sample consisted of 2936 persons at baseline and 1883 at 6-year follow-

up; a total of 1860 persons had complete data on both time points. First, we showed that 

when looking at 4819 (2936 + 1883) observations of the baseline and 6-year follow-up 

assessments together (while taking within-person correlations due to multiple 

observations per participant into account), persons with current (p=.007) or remitted 

(p=.021) depressive and anxiety disorders had consistently shorter telomere length than 

control subjects. Also, depressive (p=.007) and anxiety (p=.009) symptom severity was 

negatively related to telomere length over 6 years. These results replicated our cross-

sectional studies described in Chapter 2 and 3. Further, resembling Hoen et al. (4), we 
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showed that baseline diagnosis was not related to telomere attrition rate over 6 years. 

Since the NESDA study contains data on psychiatric status at baseline, 2-year, 4-year and 

6-year follow-up, we were able to test whether the course of depressive and anxiety 

disorder over 6 years was related to telomere length over the same time period. We 

created six groups based on diagnosis status at the four assessments: 1) a control group; 

2) those with a first onset after baseline; 3) a group that had a remitted diagnosis during 

all four assessments; 4) a group that was remitted at baseline but relapsed over the 6-

year course; 5) a group with a current diagnosis at baseline who remitted during the 6 

years; and finally 6) a chronic group that had a current diagnosis at both baseline and 6-

year follow-up. The group that remitted (p=.011) and the chronic group (p=.041) had 

significantly shorter average telomere length than the control group, but interestingly, 

none of the groups showed faster telomere attrition compared to the control group 

(group-by-time interaction p=.926). The pre-existing differences in telomere length 

between cases and controls did thus not become, for example, more pronounced in the 

chronic group or diminished when persons remitted. Also, changes in depressive or 

anxiety symptoms severity scores and number of months with symptoms did not 

correlate with changes in telomere length over six years. These results, altogether, 

suggest that persistence of depressive and anxiety disorders does not accelerate 

telomere shortening and that recovery of those disorders is not accompanied by 

recovering of telomere length or a deceleration of the telomere attrition rate.  

Chapter 9 consists of another longitudinal study on depression and cellular aging. 

This study looked at the 10-year longitudinal trajectories of depressive symptoms and 

two markers of cellular aging, namely telomere length and mitochondrial DNA (mtDNA) 

copy number, in 977 participants of the Coronary Artery Risk Development in Young 

Adults (CARDIA) study. Depressive symptoms were assessed with the Center for 

Epidemiologic Studies Depression (CES-D) scale, available at follow-up evaluations from 

year 15, 20 and 25. Telomere length was also available at those three time points, and 

mtDNA copy number was measured at year 15 and 25. Replicating cross-sectional studies, 

we again showed that those with a CES-D score above the cutoff of 16, indicative of 

clinically relevant depressed mood, had shorter average telomere length (p=.015) when 

analyzing all observations together. Because of the multiple time points, we were further 

able to determine whether the relationship between depression and telomere length 

could be explained as stable or rather as a dynamic within-person effect. Results showed 

that high levels of depressive symptomatology over the ten years were associated with 

short average telomere length (p=.016), but within-person changes in depressive 

symptoms were not associated to concurrent changes in telomere length (p=.551). In line 

with the findings of Chapter 8, this suggests a between-person rather than a within-

person relation of depression and telomere length, since a person’s telomere length did 
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not change along with changes in that person’s level of depressive symptomatology. 

Further, both Chapter 8 and 9 showed that the rate of telomere shortening was not a 

function of depressive or anxiety disorder status or level of symptomatology. This is in 

contrast with suggestions made by the majority of the cross-sectional studies, including 

our studies in Chapter 2 and 3, which argue that shorter telomere length in depressed or 

anxious patients is evidence of accelerated telomere shortening.  

The inference that depressive and anxiety disorder characteristics and telomere 

length show a rather stable relationship but do not dynamically change together over 

time either suggests that 1) short telomere length antedates the onset of depressive or 

anxiety disorder, possibly due to a ‘third factor’ underlying this association; or 2) 

depressive and anxiety disorder-related physiological disturbances indeed accelerate 

telomere shortening but telomere length is, despite eventual remission, never able to 

recover and can thus be seen as a long-lasting cellular scar. The first suggestion may 

indicate the involvement of several proposed underlying ‘third factors’. Genetic 

heritability is such a factor; since both telomere length and depressive and anxiety 

disorders are partly heritable there is a possibility that shared genetic effects might 

impact both. Twin studies estimated the heritability of depression at 37% (49). The 

heritability of telomere length was estimated to be as high as 64% to 70% (50,51), with a 

heritability for telomere attrition rate of around 28% (51). Further, recent genome-wide 

association studies (GWAS) have identified several Single Nucleotide Polymorphisms 

(SNPs) that impact telomere length of which the majority was located on genes that are 

known to be involved in telomere biology (TERC, TERT, NAF1, OBFC1, RTEL1) (52). 

Remarkably, a recent study showed that genetic variation on the human TERT (hTERT) 

gene (i.e. the SNP rs2736100, previously associated with shorter telomere length (52)), 

was associated with adult depression (but only in those without childhood adversity) and 

to the number of depressive episodes in bipolar disorder patients (53). An 

epidemiological study, further, found that 50 healthy young daughters (10-14 years) of 

mothers with recurrent depression had shorter telomeres compared to 47 girls with 

mothers without lifetime psychopathology; showing that those with elevated familial risk 

of depression might already present shorter telomeres at an early age (54). However, 

since GWAS in depressive and anxiety disorders have overall been inconsistent in finding 

associated SNPs (49), future research should further elucidate the possibility of a shared 

genetic risk for shorter telomeres and psychopathology.  

Another possible ‘third factor’ is chronic inflammation. A large body of research 

suggests that prolonged activation of the immune system enhances vulnerability to 

depression. Elevated levels of pro-inflammatory cytokines and acute phase proteins, such 

as interleukin-6 (IL-6), c-reactive protein (CRP) (55), might directly evoke depressogenic 

states (56). Further, high cytokines levels in the brain might impact neurotransmitter 
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metabolism and reduce neurogenesis (particularly in the hippocampus), thereby 

contributing to the pathophysiology of depression (57). Interestingly, in vitro studies 

provided evidence that pro-inflammatory markers may also directly accelerate telomere 

shortening (58,59), which is further supported by similar associations in vivo (60,61). 

Possible mediating roles of inflammatory factors will be further discussed below.  

The second explanation, that depressive and anxiety disorders accelerate telomere 

shortening “for once and for all”, indicates that one depressive or anxious episode causes 

a long-lasting difference in telomere length. This might, as discussed before, be a 

consequence of considerable subthreshold symptomatology that accompanies many 

persons after remission – or even before first onset (16). In this sense, one could argue 

that the established telomere length differences reflect a difference between 1) those 

have a high tendency to be unhappy or anxious during their lifetime, and consequently to 

develop clinical disorders; and 2) those that do not have such propensities. If this was the 

case, short telomere length might already be found in persons who have had only one 

depressive or anxiety disorder episode. A recent study by Henje Blom & Han et al. (62) 

indeed showed that shorter telomere length was already present in 54 un-medicated 

adolescents with MDD (13-18 years) compared to 63 controls. This suggests that it is 

therefore unlikely that telomere shortening is only the result of accumulated years of 

depression exposure, and provides further evidence for a between-person relationship. 

With the current evidence, however, we cannot conclude whether telomere shortening is 

a direct effect of being prone to depressive or anxiety disorders and the associated 

physiological disturbances, or whether short telomere length antedates the onset of 

depressive or anxiety disorder as a consequence of heritability or other factors. 

Conclusion 3.1: Depressive and anxiety disorders and telomere length show a rather 

stable between-person relationship, but do not dynamically change together over time. 

Whether short telomere length is a long-term consequence or a pre-existing risk factor 

for the development of depressive or anxiety disorders remains to be explored.  

 

2.3.2 What is the longitudinal trajectory of depression and mtDNA copy number over 

time?  

This paragraph covers the relationship between depression and mtDNA copy number, 

which is a relatively novel biomarker of cellular aging. The marker can be best described 

as the number of copies of the mitochondrial genome per cell, of which a sufficient 

amount is found to be essential for healthy cellular function (63). As introduced in the 

previous section, Chapter 9 described data on depressive symptomatology and two 

markers of cellular aging, telomere length and mtDNA copy number, of 977 participants 
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of the CARDIA study. Specifically, mtDNA copy number was measured at the year 15 and 

25 follow-up evaluations of CARDIA. When looking at those with complete data on CES-D 

and mtDNA copy number at year 15 and 25, together providing 1954 (2 x 977) 

observations, we did not find evidence of an association between depressive 

symptomatology and mtDNA copy number (p=.610). Further, the rate of decrease in 

mtDNA copy number was not a consequence of depressive symptomatology. Overall, 

results of the CARDIA study showed no associations between depressive symptoms and 

mtDNA copy number, whether we examined associations averaged for the ten years, at 

each time point, or over time. This finding is in line with the cross-sectional study by He et 

al. (64) who found no difference in mtDNA copy number between 210 depressed patients 

and 217 controls. However, two other studies did find a negative association with the 

number of mtDNA copies and depressive symptomatology in ±130 elderly women 

(65,66). In contrast, Tyrka et al. (67) found higher mtDNA copy number for 59 persons 

with lifetime depression compared to 113 controls. This positive association of copy 

number and lifetime depression was also found by a recent large scale (N>10,000) study 

by Cai et al. (10). Because the sample size of the latter study greatly exceeds sample sizes 

of studies up until now, including our own study, this finding warrants consideration. In 

contrast with our study which examined depression by the self-reported CES-D scale, 

participants in the Cai et al. study were actually diagnosed with recurrent clinical 

depression. High self-reported depressive symptomatology only indicates having an 

actual clinical diagnosis in a subsample of persons (e.g., (68)). This might suggest that 

mtDNA copy number is altered in those with clinical depression, rather than in those with 

only elevated self-reported symptomatology, and differences in mtDNA might thus only 

been captured in the most severe cases.  

Conclusion 3.2: Alterations in mtDNA copy number might only be present in those with 

clinically diagnosed depression rather than in those with elevated depressive 

symptomatology. Overall, it should be noted that the inconsistent results indicate that 

the study of mtDNA copy number in psychiatry is still in its infancy. 

 

2.4 Which pathways underlie the association between depressive and anxiety disorders 

and telomere length? 

In Chapter 7 we propose several pathophysiological mechanisms that may link depression 

to telomere shortening (41). These mechanisms include increased inflammation, elevated 

oxidative stress, dysregulations of the hypothalamus-pituitary adrenal (HPA)-axis and the 

autonomic nervous system, metabolic abnormalities and reduced brain-derived 

neurotrophic factor (BDNF) (see Figure 1), since most of these dysregulations have been 
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found both in association with depression (and often anxiety disorder) and short 

telomere length. While previous research indeed suggests associations between 

physiological dysregulations and short telomere length, findings remained inconsistent. In 

Chapter 10, we examined associations between telomere length and components of 

three major physiological stress systems: the immune-inflammatory system, the HPA-axis 

and the autonomic nervous system, in 2936 participants from NESDA (61). Inflammation 

markers included IL-6, CRP and tumor necrosis factor-alpha (TNF-α); HPA-axis indicators 

were salivary cortisol awakening curves, evening levels and 0.5 mg dexamethasone 

cortisol suppression ratio; and autonomic nervous system measures consisted of heart 

rate, respiratory sinus arrhythmia and pre-ejection period. In adjusted models, we found 

negative, linear associations between telomere length and CRP (p=.04), IL-6 (p=.05) and 

pre-ejection period (p=.001). Further, shorter telomere length was found in subjects with 

the highest tertiles of CRP (p=.06), IL-6 (p=.02), area under the curve with respect to the 

increase (AUCi), as a measure of the dynamic of the cortisol awakening response (p=.01) 

and pre-ejection period (p=.003). A borderline significant association was found between 

short telomere length and the highest tertile of heart rate (p=.07). In order to examine 

the impact of multiple concurrent dysregulations, a cumulative index score was 

calculated for the stress system indicators that showed the expected relationship with 

telomere length and were significant at least at p<.10. This score consisted of the number 

of times a subject scored in the highest tertile of CRP, IL-6, AUCi and heart rate, thus 

ranging from 0 to 4. We found that the more dysregulations, the shorter the telomere 

length (p=.002). These relationships were consistent in both healthy subjects and subjects 

with current and remitted depressive or anxiety disorders in NESDA. Overall, this study 

provided evidence that persons with more activated physiological stress systems have 

shorter telomere length than those with average functioning ones, which is in line with 

the associations of psychological stress – operationalized by chronic stress in conditions 

such as depressive or anxiety disorders or the experience of psychosocial stress – and 

telomere length. However, Chapter 10 does elucidate whether the described components 

actually mediate the relationship between depressive and anxiety disorders and telomere 

length. This question is addressed in Chapter 11 of this thesis.  

In Chapter 11, we examined the extent to which physiological dysregulations and 

several lifestyle factors underlie the relationship between depressive and anxiety 

disorders and telomere length in 2750 participants of the NESDA study. To investigate 

this we performed mediation analyses according to the method by Hayes and Preacher 

(69). We first showed the cross-sectional associations between telomere length and 

current diagnosis (B=-63.3; p=.024), depressive symptoms severity (B=-2.4; p=.002) and 

anxiety symptom severity (B=-2.8; p=.009), corrected for sociodemographics and somatic 

health. As potential mediators we included physiological stress system markers,  
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Figure 1. Schematic model of pathways that explain the potential links between 

depression and telomere shortening.  

Note. This model is an oversimplification and relationships are possibly bidirectional and 

interrelated. Figure adapted from Verhoeven et al. (41) 

metabolic dysregulations and lifestyle factors, based on earlier associations in NESDA and 

other research. We selected the physiological stress system components that were 

associated with telomere length in Chapter 10, namely CRP, IL-6, salivary cortisol 

awakening response (or: AUCi) and heart rate (61). Metabolic syndrome components that 

were previously associated to telomere length included waist circumference, high-density 

lipoprotein (HDL) cholesterol, triglycerides, and fasting glucose levels (70), and lifestyle 

factors included alcohol use, smoking, physical activity and body mass index (BMI). 

Mediation analyses showed that higher CRP, IL-6, waist circumference, triglycerides and 

cigarettes per day and lower levels of HDL cholesterol significantly mediated the 
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association between depressive symptoms severity and telomere length. When those 

mediators were entered together in a multivariate model, they reduced the direct effect 

of depressive symptoms on telomere length with 36.9%, and the effect became 

statistically non-significant (B=-1.54; p=.06). Similarly, the mediators reduced the effect 

size of the association between anxiety symptoms and telomere length with 49.1% 

rendering the direct effect non-significant (B=-1.43; p=.20). On the association between 

current depressive or anxiety disorder diagnosis and telomere length, waist 

circumference, triglycerides and cigarettes per day were significant mediators, together 

reducing the effect size with 32.7%. Again, the direct effect of current diagnosis on 

telomere length was no longer significant (B=-42.6; p=.13). Altogether, this Chapter 

showed that the association between depressive and anxiety psychopathology and 

telomere length was partly explained by higher inflammatory markers (CRP, IL-6), less 

favorable metabolic profile (high waist circumference and triglycerides and low HDL 

cholesterol) and increased smoking behavior. 

Cigarette smoking was found the be one of the largest mediators, reducing the 

direct effect of the psychopathology characteristics on telomere length with ~25%. As we 

discussed in Chapter 11, persons with depressive and anxiety disorders have a well-

established increased odds of being a smoker. Smoking, in turn, is associated with several 

physiological alterations such as increased cortisol, oxidative stress and secretion of 

inflammatory markers. In a paper by Révész et al. (71), cigarette smoking was also found 

to be a determinant of short telomere length in NESDA (p<.001). This suggests that 

persons with depressive and anxiety disorders may be at additional risk of worse health 

outcomes if they are current smokers and emphasizes the need for smoking cessation 

interventions in mental health care settings. The mediating effects of metabolic 

dysregulations, especially waist circumference and triglycerides, further suggest that the 

association between depressive and anxiety disorders and telomere length may be partly 

explained by increased adiposity, possibly as a consequence of sedentary behavior 

combined with high energy intake (unhealthy diet).  

It should be noted that because of the cross-sectional design in Chapter 11, we 

could not draw conclusions regarding the direction of the effects. The causality of the 

association between psychopathology and inflammation, for instance, might be from 

psychopathology to inflammation, inflammation to psychopathology or bidirectional. In 

their large meta-analysis on depression and CRP, IL-1 and IL6, Howren et al. (55) suggest 

that depression may lead to increased inflammation through elevated sympathetic and 

decreased parasympathetic nervous activity and sedentary behavior; inflammation may 

in turn invoke states that resemble depression such as anhedonia, sleep and appetite 

changes; or depression and inflammation may influence each other in a complex, 

bidirectional process with interplay of adiposity, the central nervous system and the HPA-
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axis. Our cross-sectional mediation analysis thus shows that part of the effect of 

depressive and anxiety disorders on telomere length is explained by increased 

inflammation, but longitudinal studies are needed to clarify cause and effect. This also 

accounts for the mediating effects of metabolic syndrome components high waist 

circumference, triglycerides and low HDL cholesterol.  

Finally, animal models might augment insight into the causality of pathways 

underlying the association of depressive and anxiety disorders with cellular aging 

markers. Cai et al. (10), reviewed earlier in this discussion for their work on telomere 

length and mtDNA copy number in humans, also presented results from a mouse model. 

In this model, laboratory mice were exposed to various stressors for four weeks, including 

tail suspension, force-swim and sleep deprivation. After these four weeks the stressed 

mice had more than 200% increased mtDNA copy number and a 30% decrease in 

telomere length compared to non-stress control mice, both in blood and saliva samples. 

To test what might be inducing these molecular changes, Cai et al. tested the possibility 

of the HPA-axis as a mediating mechanism. They administered corticosterone to mice of 

the same strain and showed that after four weeks, the effect of corticosterone on mtDNA 

copy number and telomere length was similar to the effect of the behavioral stressors 

(10). Interestingly when the behaviorally stressed mice were kept for another four weeks 

to recover, their mtDNA and telomere length levels returned to the levels of the controls. 

This suggests that molecular changes are indeed partly reversible. In contrast with our 

study in Chapter 11, this study proposes that telomere shortening and mtDNA copy 

number increase after stress are at least partially mediated by activation of the HPA-axis. 

Important to consider in this context, however, is that mice have longer telomeres than 

humans with complex dynamics, and extrapolating findings from laboratory models to 

human aging might results in problems (72). Future research should examine mediating 

mechanisms in both animal models and human studies to clarify to what extent they can 

be generalized back and forth.  

Conclusion 4: The association between depressive and anxiety disorder psycho-

pathology and short telomere length is partly explained by pro-inflammatory cytokines, 

metabolic dysregulations and cigarette smoking. Directions of the effects should be 

elucidated by future prospective studies.  
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3. CLINICAL IMPLICATIONS 

3.1 Telomere length as a biomarker in psychiatric research 

The literature reviewed above shows that the associations between telomere length and 

depressive and anxiety disorders have been fairly well established. Persons with a lifetime 

diagnosis have on average shorter telomere length than those without psychopathology 

during their lifetime. The term ‘on average’ in the previous sentence is of importance in 

discussing possible clinical implications of telomere length. This indicates that the two 

groups differ in their mean telomere length, but that this telomere length difference is 

not necessarily translated to every individual. Visually displaying average telomere length 

in relation to age at NESDA’s baseline assessment for those with lifetime depression 

versus those without shows a large inter-individual variability (Figure 2). For example, at 

age 65, several persons with a lifetime depression diagnoses (in green) have longer 

telomere length than most of the controls (in blue) at that age. Also, the person with the 

shortest telomeres is someone without a lifetime depression diagnosis (in blue at age 52).  

This picture suggests that telomere length is not a suitable biomarker that can be 

applied to diagnose psychiatric disorders in individual patients. Furthermore, the meta-

analysis in Chapter 5 showed was no significant difference in the effect size estimates 

between the different psychiatric disorder subgroups, including depressive disorders, 

psychotic disorders, bipolar disorder, PTSD and other anxiety disorders. This is also 

observed in a recent review by Lindqvist et al. (73) in which we conclude that telomere 

shortening “is not confined to specific traditional diagnostic categories.” The evidence of 

shorter telomeres across different psychiatric disorders shows that short telomere length 

is a rather non-specific marker for conditions in which people experience chronic 

(psychological and physiological) stress, with therefore limited clinical properties. 

The lack of specificity of telomere length to different psychiatric disorders is 

interesting in the context of current psychiatric research. Despite high expectations, 

research in the past decades did not provide many stable disorder-specific associations 

with biomarkers or neuroimaging correlates. This lack of robust biological underpinnings 

may be the consequence of high comorbidity between disorders, large heterogeneity 

within disorders and mechanisms that surpass the DSM-based categories. In response, 

psychiatric research is moving away from DSM-based categorical diagnoses to exploring 

whether they can be replaced by dimensional diagnoses, as proposed by the Research 

Domain Criteria (RDoC) initiative (74). The RDoC framework states that many biological 

and psychological phenomena, ranging from genetics and neural circuits to physiology 

and behavior, vary continuously within and between psychiatric patients and in the 

general population (75). RDoC’s aim is to seek dimensional constructs (e.g., sustained 

threat) that relate to these phenomena (e.g., HPA-axis hormones, amygdala reactivity or 

attentional bias to threat), thereby surpassing traditional diagnostic categories. Short  
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Figure 2. Scatterplot telomere length and age at baseline by lifetime depression diagnosis 

 
 

telomere length may be such a phenomenon, being dimensionally related to certain 

constructs associated with chronic stress. 

 

3.2 Telomere length as a target for treatment  

It should be noted that the evidence of a stable between-person association between 

depressive and anxiety disorders and telomere length presented in this thesis is largely 

based on data from observational studies. In our longitudinal observational studies in 

Chapter 8 and 9, for instance, we did not take into account whether persons recovered 

spontaneously or as a result of psychological or pharmacological treatment. Such 

treatments may actually impact telomere homeostasis, for example by increasing the 

activity of telomerase. Although most somatic cells have little telomerase and are 

consequently unable to maintain telomere length, the activity of telomerase can differ 

within cells. Preliminary evidence, reviewed in Chapter 7 (41), showed that increased 

telomerase activity was associated with e.g. decreased chronic stress and anxiety (76) or 

yogic mediation practice (77) in non-psychiatric samples. As reviewed earlier, in a small 
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study by Wolkowitz et al. (47), telomerase activity predicted a better treatment response 

to pharmacotherapy. In a recent review paper, we proposed the idea that telomerase 

activation could represent a mediating mechanism of action of certain psychopharma-

cological interventions (78). Preclinical evidence from animal research showed that 

chronic mild stress in mice led to a decrease in telomerase activity, and, interestingly, 

fluoxetine treatment was able to reverse this (79). Further, a study with an animal model 

of depression in rats showed that six weeks of lithium administration increased 

telomerase activity in the “depressed” rats (80). In one of the few studies in humans, 

however, no effect of lithium treatment on leukocyte telomerase activity was found in 

bipolar disorder patients (81). Although no strong conclusions can be drawn due to a lack 

of well-powered clinical studies, the review proposed several potential mechanisms by 

which psychiatric medications can modulate telomerase activity or TERT expression, such 

as increased BDNF expression. Increased telomerase activity may, in turn, initiate clinical 

effects by promoting cellular survival and/or functioning (78). It is of note, in this context, 

that increased telomerase activity is also found to be associated with cancer (e.g., in 80 to 

90% of malignant human tumor cells, telomerase activity is up-regulated compared with 

normal tissue). Telomere maintenance by telomerase activity should thus balance 

between reducing risk of aging-related disease and avoiding less common but serious 

types of cancer (72). 

In a currently ongoing randomized controlled trial at the VU University Medical 

Center, which was part of my PhD trajectory, another attempt is made to investigate the 

impact of psychiatric treatment on telomere biology. In this so-called MOTAR study 

(Mood Treatment with Antidepressants or Running; www.motar.nl), patients with MDD 

or anxiety disorder are either treated with pharmacotherapy (antidepressants, specifically 

selective serotonin reuptake inhibitors) or running therapy (vigorous exercise three times 

a week). Before and after these 16-week interventions, data is collected on psychological 

and psychiatric characteristics as well as telomere length and telomerase activity. Data of 

this intervention study will soon provide further insights into the potential interplay 

between antidepressants and running therapy and telomere homeostasis.  

 

3.3 Telomere length as risk marker vs. risk factor 

Short telomere length is associated with a wide variety of unfavorable somatic conditions, 

ranging from cardiovascular disease (82) and type 2 diabetes (83) to obesity (84) and poor 

cancer survival (85). The degree to which telomeres are causally involved in these 

conditions is, however, unclear. The rationale behind most psychiatric research on 

telomere length, is that shorter telomeres might help explain the increased risks of age-

related somatic conditions found in most serious mental illnesses (86). James Coyne, 

professor of Health Psychology at the University Medical Center, Groningen, states that 

http://www.motar.nl/
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these claims might be too far-fetched. Making such wild claims, he writes on his blog, is 

bad science and leads to distorted coverage in the media (87). He emphasizes the 

difference between risk markers, which are associated to an outcome, but do not meet 

the formal criteria for causality, and causal risk factors. Coyne warns for drawing 

exaggerated conclusions based on correlational research and argues that researchers 

should withhold themselves from such “biomarker porn”. Indeed, with the current state 

of preliminary evidence, we can only speculate on the causal role of telomere length in 

both psychiatric and somatic health.  

 

4. METHODOLOGICAL CONSIDERATIONS 

4.1 Telomere length in leukocytes 

In the three study cohorts described in this thesis, NESDA, NESDO and CARDIA, telomere 

length was measured in leukocytes (white blood cells). Leukocyte telomere length is the 

most used marker in large epidemiological studies, mainly since it can be obtained 

relatively non-invasive by blood draw. The three major categories of leukocytes are 

granulocytes, monocytes and lymphocytes. Lymphocytes are, in turn, divided into natural 

killer cells (innate immune system) and B-cells and T-cells (adaptive immune system). A 

caveat of using average leukocyte telomere length is that leukocytes thus consist of 

different cell types, with possibly different telomere dynamics. Since telomere length 

largely reflects stem cell replication, fully differentiated leukocytes might have shorter 

telomeres than precursor cells. Indeed, studies showed that B-cells had longer telomeres 

than T-cells, and within the latter group, CD4
+ 

and CD8
+ 

T-cells had similar telomere 

length (88). Similarly, average telomerase activity was highest in B-cells and CD4
+ 

T-cells 

had slightly higher telomerase activity than CD8
+
CD28

+
 T-cells. CD8

+
CD28

-
 T-cells, which 

are end-stage CD8+ T-cells, had the shortest telomere length and lowest telomerase 

activity. Rates of telomere shortening were also found to differ between leukocytes, with 

faster attrition rates for CD4
+ 

and CD8
+ 

T-cells than in B-cells (89). These between-

leukocyte variations make it difficult to distinguish whether average telomere length 

differences are due to actual shortening / lengthening or rather to a redistribution of cell 

types. The lack of cell sorting, thus, is a limitation in most large-scale studies, including 

the studies presented in this thesis. However, since this is a time-consuming and 

expensive technique, large studies will have to consider this trade-off. Nonetheless, 

despite this limitation, average leukocyte telomere length has been shown to have clinical 

relevance as illustrated by its many associations with a variety of health outcomes. 

Another issue important to consider when studying leukocytes is the extent to 

which leukocyte telomere length is generalizable to other types of tissues. One study 

measured telomere length from 87 adults (scheduled for surgery) in four different 
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tissues: leukocytes, skeletal muscle, skin an subcutaneous fat (90). Notably, they found a 

large inter-individual variation in telomere length, but strong and consistent associations 

between the four tissues within individuals. In other words, a persons that displayed long 

telomere length in one tissue typically displayed long telomere in the other tissues. 

Further, the four different somatic tissues showed similar age-dependent attrition rates, 

suggesting telomere length dynamics were similar in proliferative (blood and skin) and 

minimally proliferative tissues (muscle and fat) (90). Also, telomere length across tissues 

was thus similar regardless of their replicative activity (89). Similar within-person 

correlations in blood, fibroblast and buccal cell telomere length were found in 21 patients 

with inherited bone marrow failure syndromes (91), although correlations were less 

profound in a post-mortem study examining telomere length in twelve different human 

tissues, including leukocytes (92). In the earlier discussed mouse model by Cai et al. (10), 

consistent findings of decreased telomere length and increased mtDNA copy number 

were reported in both saliva and in blood, suggesting the generalizability of these 

markers between leukocytes and buccal cells. Overall, leukocyte telomere length seems 

generalizable to other tissues within the same person. An important question remains to 

what extent leukocyte telomere length correlates with certain brain tissues or functions, 

which are possibly relevant to mental illnesses. Two post-mortem studies of telomere 

length in cerebellar gray matter and the occipital cortex found no differences between 

MDD subjects and controls (93,94). One post-mortem study, however, found a slight 

trend towards a correlation between telomere length in leukocytes and the frontal lobe 

(92), but this remains to be replicated by future research. 

 

4.2 Telomere length as a biomarker of aging 

Telomere length is considered a biomarker of cellular aging. Its consistent relationship 

with age was confirmed by a large meta-analysis that included 124 cross-sectional and 5 

longitudinal studies (95). The authors found an inverse correlation between telomere 

length and age (r = −0.338; p<.001) across cross-sectional studies and a yearly loss of 24 

base pairs. Longitudinal studies reported slightly higher telomere loss rates between 32 

and 46 base pairs per year (96). Further, as reviewed above, short telomere length 

correlates with a large variety of aging-related somatic diseases, although research from 

epidemiologic and clinical studies has sometimes been inconsistent (96). This could to be 

due to the suggestion that associations between telomere length and aging-related 

measures might vary across the life span (97). Two reviews that considered telomere 

length as a biomarker of human aging in general conclude that it remains unknown 

whether telomere length is a biomarker of aging for a whole organism or a biomarker of 

aging in specific tissues or specific periods in the life span (96,97). Future research should 

ideally follow humans during entire lifespans to investigate the role of telomere length in 
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the aging process – although this is a challenge since human lifespan often outlasts 

researchers or research projects. 

As discussed in the introduction of this thesis, aging is a complex process that is 

characterized not only by telomere attrition, but also by several other markers including 

genomic instability, epigenetic alterations, loss of proteostasis, deregulated nutrient-

sensing, mitochondrial dysfunction, cellular senescence, stem cell exhaustion and altered 

intercellular communication (see Figure 3) (98). Studies considering biological aging 

should thus ideally include multiple biomarkers as opposed to a single aging-indicator. 

This was done by Belsky et al. (99) who estimated the “Biological Age” of 954 38-year old 

participants of the Dunedin Study birth cohort, by applying an algorithm on 18 

biomarkers. This Biological Age score included, among others, cardiorespiratory fitness, 

lung function, waist-hip ratio, telomere length, total cholesterol and creatinine clearance. 

Interestingly, despite the fact that they included relatively young and similar-aged 

persons, estimated Biological Age ranged from 28 years to 61 years. Further, the authors 

also calculated “Pace of Aging” by looking at within-individual longitudinal changes in 

these biomarkers across chronological ages 26 year, 32 year and 38 year. This Pace of 

Aging ranged from 0 years to 3 years of physiological change per chronological year. 

Persons with relatively high Biological Age at age 38 years, showed a faster Pace of Aging 

between ages 26 and 38 years (99). To further confirm the large between-person 

differences in Biological Age, Belsky et al. found that those with higher Biological Age 

perceived themselves to be in poorer health and they were perceived to be older by 

independent observers. Human aging should thus be considered a complex combination 

of multiple psychosocial, physiological and genomic exposures that differ between 

individuals.  

 

4.3 Telomere length measurement  

Several methods of telomere length assessment are available, each with their advantages 

and disadvantages. The most appropriate method might depend on the specific research 

question, the sample size and the required accuracy of measurements (97). The original 

technique to determine telomere length is Terminal Restriction Fragment (TRF) analysis 

by Southern Blot. In this technique genomic DNA is digested with a mix of frequent 

cutting restriction enzymes that are unable to bind to telomeres, hence fragmenting the 

genome except for telomeric DNA. The intact telomeres from all chromosomes together 

are then detected through either Southern blotting or in-gel hybridization. While errors of 

this technique are relatively small, important disadvantages are the need of substantial 

amounts of DNA (>10
5
 cells) and the relative insensitivity to very short telomeres (100). 

Further, telomere length from TRF analysis might not be comparable across studies 

because techniques are not standardized with respect to restriction enzyme selection,  
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Figure 3. Hallmarks of aging 

Figure adapted from López-Otín et al. (98) 

 

starting DNA quantity and quality, and blot analysis. Single Telomere Length Analysis 

(STELA), on the other hand, has the ability to generate highly accurate and chromosome-

specific telomere length with fewer DNA (50 cells), but this method has limited large-

scale applications because it is labor intensive and technically challenging.  

A more recent measurement method is quantitative (or real time) polymerase chain 

reaction (qPCR). In 2002, Cawthon (101) developed a protocol for measuring telomere 

length with qPCR which is now frequently used in epidemiology, including all studies in 

the current thesis. In this method, qPCR amplifies telomeric sequences over 20-30 cycles 

using specifically designed primers. The amount of telomeric (T) sequence is then 

quantified and compared to the amplification of a single copy gene (S), resulting in a T/S 

ratio, proportional to the average telomere length in a cell. The major advantages of 

qPCR are the low costs, short timeline and the high-throughput, while a concern is that 

the variability within and between samples is relatively high (102). TRF by Southern blot 

and T/S ratio from qPCR were shown to correlate rather highly (r = 0.847; p<.001) in a 

study comparing both measurements (103). This study further showed a lower inter-

assay coefficient of variance (CV) for Southern blot (1.7%) compared to qPCR (6.5%) 

(103). To be able to compare T/S ratios to studies that assessed TRFs, T/S ratios is the 

studies of this thesis were converted into base pairs using a conversion formula. This 
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formula was based on an earlier comparison of T/S ratios and TRF analysis of genomic 

DNA samples from the human fibroblast cell line IMR90 (88). Currently, Southern blot and 

qPCR are thus the most frequently used measurement techniques by clinical and 

epidemiological studies. Other less widely used telomere length measurement techniques 

are Quantitative fluorescence in situ hybridization (Q-FISH) and flow FISH, which have a 

limited applicability to epidemiological studies since they require intact and viable cells. 

More details are described in an extensive review by Aubert et al. (100). 

Telomere length in NESDA, NESDO and CARDIA was measured by qPCR by Lin’s and 

Blackburn’s labs, adapted from the original method by Cawthon (101). Each participants’ 

sample was assayed three times, thus resulting in three T/S values. Subsequently, CVs 

were calculated, which represent the relative standard deviations (CV = mean / SD *100). 

In NESDA and NESDO, the inter-assay CV at baseline was 4.6% and 3.0% at six-year follow-

up. Participant samples with a CV greater than 12.5% from the 3 T/S values were re-

assayed to reduce the measurement error. Further, eight included quality control DNA 

samples on each PCR run illustrated an intra-assay CV of 5.1%. From a statistical point of 

view, such CVs of around 5% may be considerable if telomere length was studied at the 

individual level. However, they play a minor role when comparing mean telomere length 

between groups, since the measurement error is relatively small with respect to the 

within-group variance. As an example, calculating the additive effect of the variance as a 

result of the 5% CV showed that the total standard error on the group level increased 

from 11.4 to 12.4 (calculations not shown). This showed that when the variance 

belonging to such inter-assay CVs is added to the regular variance, the effect of these CVs 

boils down to a negligible amount of noise. The between-group differences in telomere 

length found in our studies are thus statistically meaningful despite the small telomere 

length measurement error.  

A limitation of the longitudinal NESDA study in Chapter 8 is that the telomere length 

measurement was done two years apart and in different labs. This might have introduced 

batch-related noise between the two time points. However, to adjust for possible 

differences between telomere length at and baseline and 6-year follow-up, a total of 226 

samples from baseline were rerun together with the follow-up samples. On average, the 

T/S ratios of the six-year follow-up runs were at 76% of the T/S ratios of baseline, which is 

likely to be caused by differential reference standards used. To convert the T/S ratios of 

the 6-year follow-up samples, they were divided by 0.76. It should be noted that, while it 

is not ideal to have data from two labs, that at both time points, cases and controls were 

randomly distributed over plates and wells. Therefore, it is unlikely that systematic lab 

differences may have masked differences in for example telomere length change 

between cases and controls, if they would have existed. 
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5. RECOMMENDATIONS FOR FUTURE RESEARCH 

One of the most relevant next steps in telomere length research is to further elucidate 

how telomere length and telomerase activity behave over longer periods of time. The two 

longitudinal studies in this thesis captured telomere length over 6 and 10 years, and 

suggested a within-person stability of telomere length over time. However, studies with 

multiple assessments over different parts of the lifespan, including childhood, 

adolescence, old age, should shed more light on telomere length over the entire human 

lifespan. Factors influencing telomere length start as early as the moment of conception, 

where older paternal age is positively associated with the offspring’s telomere length, 

attributed to the longer telomeres in sperm of older men (104). Further, intrauterine 

conditions might influence telomere length and the activity of telomerase (105) as a 

consequence of maternal psychosocial stress during pregnancy (105), possibly through 

stress-related maternal-placental-fetal processes. After birth, fast rates of telomere 

attrition during growth and development are observed, while attrition during adulthood 

(>20 years) is considered relatively small (51). In adulthood, telomere length was found to 

be largely genetically determined (64%), with smaller shared (22%) and individual (14%) 

environmental effects. Telomere attrition showed a lower heritability estimate (28%) and 

larger unique individual environmental effects (72%) (51). It thus remains an important 

question what environmental factors, including (mental) stress and lifestyle, can exert an 

impact on telomere length dynamics. Future research should, ideally, assess telomere 

length in large (birth) cohorts on a yearly basis, together with information on a wide 

range of physiological and psychological variables to be able to capture telomere length 

dynamics over the lifespan, and specifically for this thesis, provide information about 

cause and effect in the association with depressive and anxiety disorders. 

Another interesting question that remains unanswered by the literature so far is the 

extent to which interventions specifically aimed at cellular aging processes can impact 

telomere length or mtDNA copy number. Three types of interventions might be of 

interest: stress-reducing interventions, interventions that impact lifestyle factors and 

therapies that aim to impact psychiatric health. First, while stress reduction might lead to 

normalization of cellular aging markers in animal models (10), it is unknown to what 

extent this is generalizable to humans. A recent study showed increased telomere length 

in 26 participants of a one-month full-time, residential, and silent meditation retreat 

compared to 30 controls (107), possibly by reducing psychological stress. Further, a small 

meta-analysis by Schutte et al. (108) provided the suggestion that mindfulness meditation 

leads to increased telomerase activity. It is of great interest which other stress-reducing 

interventions, such as relaxation therapy or yoga, might be able to impact telomere 

homeostasis. Second, since negative associations have been found between telomere 

length and smoking, alcohol use (6) and energy intake (109), interventions aiming to 
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change these factors might have an effect on telomere length. Further, results of a meta-

analysis showed were suggestive of a positive association between physical activity and 

telomere length (110). Interestingly, two studies provided evidence for a moderating 

effect of physical exercise (111) and high levels of healthy behaviors (physical activity, 

healthy food and good sleep quality) (112) on the association between stress and shorter 

telomeres. Intervention studies should thus preferably aim at impacting multiple lifestyle 

factors, thereby inducing the largest possible effect on telomere homeostasis. Last, future 

studies should put an effort in examining interventions that might have beneficial effects 

on cellular aging for psychiatric patients. These interventions might also be multifaceted 

since this group has been found to have shorter telomeres and might therefore be at 

increased risk of detrimental health consequences. Since Chapter 11 showed that the 

association between depressive and anxiety disorders is partly explained by cigarette 

smoking and increased adiposity, this calls for the need of interventions stimulating 

smoking cessation, physical activity level or educating persons on healthy diet options in 

mental health care settings. Further, the role of telomerase activity is of interest as a 

possible mediating mechanisms in the beneficial effects of antidepressant medication 

(78). The previously introduced MOTAR study at the VU University Medical Center, aims 

to examine, among other things, the effects of running therapy or antidepressant 

medication on telomere length and telomerase activity in persons with depressive and 

anxiety disorder. Data collection is still ongoing, however, this study will soon provide 

more insight in the intervention-associated impact on telomere homeostasis.  

 

6. DOES FEELING BLUE MAKE YOU GREY?  

This thesis examined associations of depressive and anxiety disorders with telomere 

length, including their longitudinal relationship and underlying explanatory mechanisms. 

Overall, we provided evidence of advanced aging in those with depressive and anxiety 

disorders. This suggests that psychological distress, as experienced by persons with 

depressive or anxiety disorders, might indeed be associated with increased ‘wear and 

tear’ of a person’s body. We showed that these associations were partly explained by 

dysregulated physiological stress systems and unhealthy lifestyle habits. Associations 

between telomeres and depressive and anxiety disorders were not very dynamic over 

the 6 and 10 years over which we followed persons, hence announcing a number of 

follow-up questions. The exciting challenge for future research is to determine whether 

feeling blue actually makes you grey, or else, what other colors - known or yet unknown 

to the human palette - are needed to paint a comprehensive picture. 

 



  288 

REFERENCES 

1.  Simon NM, Smoller JW, McNamara KL, Maser RS, Zalta AK, Pollack MH, Nierenberg AA, Fava 
M, Wong KK. Telomere shortening and mood disorders: preliminary support for a chronic 
stress model of accelerated aging. Biol Psychiatry 2006; 60 (5): 432-5. 

2.  Lung FW, Chen NC, Shu BC. Genetic pathway of major depressive disorder in shortening 
telomeric length. Psychiatr Genet 2007; 17 (3): 195-9. 

3.  Hartmann N, Boehner M, Groenen F, Kalb R. Telomere length of patients with major 
depression is shortened but independent from therapy and severity of the disease. Depress 
Anxiety 2010; 27 (12): 1111-6. 

4.  Hoen PW, de Jonge P, Na BY, Farzaneh-Far R, Epel E, Lin J, Blackburn E, Whooley MA. 
Depression and leukocyte telomere length in patients with coronary heart disease: data from 
the Heart and Soul Study. Psychosom Med 2011; 73 (7): 541-7. 

5.  Wolkowitz OM, Mellon SH, Epel ES, Lin J, Dhabhar FS, Su Y, Reus VI, Rosser R, Burke HM, 
Kupferman E, Compagnone M, Nelson JC, Blackburn EH. Leukocyte telomere length in major 
depression: correlations with chronicity, inflammation and oxidative stress--preliminary 
findings. PLoS One 2011; 6 (3): e17837. 

6.  Verhoeven J, Révész D, Epel E, Lin J, Wolkowitz O, Penninx B. Major depressive disorder and 
accelerated cellular aging: results from a large psychiatric cohort study. Mol Psychiatry 2014; 
19 (8): 895-901. 

7.  Simon N, Walton Z, Bui e, Prescott J, Hoge E, Keshaviah A, Schwarz N, Dryman T, Ojserkis R, 
Kovachy B, Mischoulon D, Worthington J, DeVivo I, Fava M, Wong K. Telomere length and 
telomerase in a well-characterized sample of individuals with major depressive disorder 
compared to controls. Psychoneuroendocrinology 2015; 58: 9-22. 

8.  Schutte NS, Malouff JM. The association between depression and leukocyte telomere length: 
a meta-analysis. Depress Anxiety 2015; 32 (4): 229-38. 

9.  Darrow S, Verhoeven JE, Révész D, Lindqvist D, Penninx BJ, Delucchi KL, Wolkowitz OM, 
Mathews CA. Are psychiatric disorders associated with shorter telomeres? A Meta-Analysis 
involving 14,827 Persons. (under review) 2015. 

10.  Cai N, Chang S, Li Y, Li Q, Hu J, Liang J, Song L, Kretzschmar W, Gan X, Nicod J, Rivera M, Deng 
H, Du B, Li K, Sang W, Gao J, Gao S, Ha B, Ho HY, Hu C, Hu J, Hu Z, Huang G, Jiang G, Jiang T, 
Jin W, Li G, Li K, Li Y, Li Y, Li Y, Lin YT, Liu L, Liu T, Liu Y, Liu Y, Lu Y, Lv L, Meng H, Qian P, Sang 
H, Shen J, Shi J, Sun J, Tao M, Wang G, Wang G, Wang J, Wang L, Wang X, Wang X, Yang H, 
Yang L, Yin Y, Zhang J, Zhang K, Sun N, Zhang W, Zhang X, Zhang Z, Zhong H, Breen G, Wang J, 
Marchini J, Chen Y, Xu Q, Xu X, Mott R, Huang GJ, Kendler K, Flint J. Molecular signatures of 
major depression. Curr Biol 2015; 25 (9): 1146-56. 

11.  Kananen L, Surakka I, Pirkola S, Suvisaari J, Lonnqvist J, Peltonen L, Ripatti S, Hovatta I. 
Childhood adversities are associated with shorter telomere length at adult age both in 
individuals with an anxiety disorder and controls. PLoS One 2010; 5 (5): e10826. 

12.  O'Donovan A, Tomiyama AJ, Lin J, Puterman E, Adler NE, Kemeny M, Wolkowitz OM, 
Blackburn EH, Epel ES. Stress appraisals and cellular aging: A key role for anticipatory threat 
in the relationship between psychological stress and telomere length. Brain Behav Immun 
2012; 26 (4): 573-9. 

13.  Okereke OI, Prescott J, Wong JYY, Han J, Rexrode KM, De Vivo I. High phobic anxiety is related 
to lower leukocyte telomere length in women. PLoS One 2012; 7 (7): e40516. 

14.  Verhoeven JE, Révész D, van Oppen P, Epel E.S., Wolkowitz O, Penninx BWJH. Anxiety 
Disorders and Accelerated Cellular Aging. Br J Psychiatry 2014; 206 (5): 371-8. 



 289 

15.  Needham B, Mezuk B, Bareis N, Lin J, Blackburn E, Epel E. Depression, anxiety and telomere 
length in young adults: evidence from the National Health and Nutrition Examination Survey. 
Mol Psychiatry 2014. 

16.  Paykel ES. Partial remission, residual symptoms, and relapse in depression. Dialogues Clin 
Neurosci 2008; 10 (4): 431-7. 

17.  Kennedy N, Foy K. The impact of residual symptoms on outcome of major depression. Curr 
Psychiatry Rep 2005; 7 (6): 441-6. 

18.  Schaakxs R, Verhoeven JE, Oude Voshaar RC, Comijs HC, Penninx BW. Leukocyte telomere 
length and late-life depression. Am J Geriatr Psychiatry 2015; 23 (4): 423-32. 

19.  Huzen J, van der Harst P, de Boer RA, Lesman-Leegte I, Voors AA, van Gilst WH, Samani NJ, 
Jaarsma T, van Veldhuisen DJ. Telomere length and psychological well-being in patients with 
chronic heart failure. Age Ageing 2010; 39 (2): 223-7. 

20.  Rius-Ottenheim N, Houben JMJ, Kromhout D, Kafatos A, van der Mast RC, Zitman FG, 
Geleijnse JM, Hageman GJ, Giltay EJ. Telomere length and mental well-being in elderly men 
from the Netherlands and Greece. Behav Genet 2012; 42 (2): 278-86. 

21.  Phillips AC, Robertson T, Carroll D, Der G, Shiels PG, McGlynn L, Benzeval M. Do symptoms of 
depression predict telomere length? Evidence from the west of Scotland twenty-07 study. 
Psychosom Med 2013; 75 (3): 288-96. 

22.  Wikgren M, Maripuu M, Karlsson T, Nordfjall K, Bergdahl J, Hultdin J, Del-Favero J, Roos G, 
Nilsson LG, Adolfsson R, Norrback KF. Short telomeres in depression and the general 
population are associated with a hypocortisolemic state. Biol Psychiatry 2012; 71 (4): 294-
300. 

23.  Hegeman JM, Kok RM, van der Mast RC, Giltay EJ. Phenomenology of depression in older 
compared with younger adults: meta-analysis. Br J Psychiatry 2012; 200 (4): 275-81. 

24.  Epel ES, Blackburn EH, Lin J, Dhabhar FS, Adler NE, Morrow JD, Cawthon RM. Accelerated 
telomere shortening in response to life stress. Proc Natl Acad Sci U S A 2004; 101 (49): 17312-
5. 

25.  Schutte NS, Malouff JM. The Relationship Between Perceived Stress and Telomere Length: A 
Meta-analysis. Stress Health 2014. 

26.  Humphreys J, Epel ES, Cooper BA, Lin J, Blackburn EH, Lee KA. Telomere shortening in 
formerly abused and never abused women. Biol Res Nurs 2012; 14 (2): 115-23. 

27.  Park M, Verhoeven JE, Cuijpers P, Reynolds Iii CF, Penninx BWJH. Where You Live May Make 
You Old: The Association between Perceived Poor Neighborhood Quality and Leukocyte 
Telomere Length. PLoS One 2015; 10 (6): e0128460. 

28.  Verhoeven J, van Oppen P, Puterman E, Elzinga B, Penninx B. The Association of Early and 
Recent Psychosocial Life Stress With Leukocyte Telomere Length. Psychosom Med 2015. 

29.  Price LH, Kao HT, Burgers DE, Carpenter LL, Tyrka AR. Telomeres and early-life stress: an 
overview. Biol Psychiatry 2013; 73 (1): 15-23. 

30.  Tyrka AR, Price LH, Kao HT, Porton B, Marsella SA, Carpenter LL. Childhood maltreatment and 
telomere shortening: preliminary support for an effect of early stress on cellular aging. Biol 
Psychiatry 2010; 67 (6): 531-4. 

31.  Shalev I. Early life stress and telomere length: investigating the connection and possible 
mechanisms: a critical survey of the evidence base, research methodology and basic biology. 
Bioessays 2012; 34 (11): 943-52. 

32.  Glass D, Parts L, Knowles D, Aviv A, Spector TD. No correlation between childhood 
maltreatment and telomere length. Biol Psychiatry 2010; 68 (6): e21-e22. 



  290 

33.  Savolainen K, Eriksson JG, Kananen L, Kajantie E, Pesonen AK, Heinonen K, Raikkonen K. 
Associations between early life stress, self-reported traumatic experiences across the lifespan 
and leukocyte telomere length in elderly adults. Biol Psychol 2014; 97: 35-42. 

34.  Surtees PG, Wainwright NWJ, Pooley KA, Luben RN, Khaw KT, Easton DF, Dunning AM. Life 
stress, emotional health, and mean telomere length in the European Prospective 
Investigation into Cancer (EPIC)-Norfolk population study. J Gerontol A Biol Sci Med Sci 2011; 
66 (11): 1152-62. 

35.  O'Donovan A, Epel E, Lin J, Wolkowitz O, Cohen B, Maguen S, Metzler T, Lenoci M, Blackburn 
E, Neylan TC. Childhood trauma associated with short leukocyte telomere length in 
posttraumatic stress disorder. Biol Psychiatry 2011; 70 (5): 465-71. 

36.  Graham JE, Christian LM, Kiecolt-Glaser JK. Stress, age, and immune function: toward a 
lifespan approach. J Behav Med 2006; 29 (4): 389-400. 

37.  Schaakxs R, Wielaard I, Verhoeven J, Beekman A, Penninx B, Comijs H. Early and recent 
psychosocial stress and telomere length in older adults. Int Psychogeriatr 2015;  1-9. 

38.  Kroenke CH, Epel E, Adler N, Bush NR, Obradovic J, Lin J, Blackburn E, Stamperdahl JL, Boyce 
WT. Autonomic and adrenocortical reactivity and buccal cell telomere length in kindergarten 
children. Psychosom Med 2011; 73 (7): 533-40. 

39.  Shalev I, Moffitt T, Sugden K, Williams B, Houts R, Danese A, Mill J, Arseneault L, Caspi A. 
Exposure to violence during childhood is associated with telomere erosion from 5 to 10 years 
of age: a longitudinal study. Mol Psychiatry 2012. 

40.  Robles T, Carroll J, Bai S, Reynolds B, Esquivel S, Repetti R. Emotions and family interactions in 
childhood: Associations with leukocyte telomere length emotions, family interactions, and 
telomere length. Psychoneuroendocrinology 2015; 63: 343-50. 

41.  Verhoeven JE, Révész D, Wolkowitz OM, Penninx BW. Cellular aging in depression: Permanent 
imprint or reversible process?: An overview of the current evidence, mechanistic pathways, 
and targets for interventions. Bioessays 2014; 36 (10): 968-78. 

42.  Jaskelioff M, Muller FL, Paik JH, Thomas E, Jiang S, Adams AC, Sahin E, Kost-Alimova M, 
Protopopov A, Cadinanos J, Horner JW, Maratos-Flier E, DePinho RA. Telomerase reactivation 
reverses tissue degeneration in aged telomerase-deficient mice. Nature 2011; 469 (7328): 
102-6. 

43.  Batista LFZ, Pech MF, Zhong FL, Nguyen HN, Xie KT, Zaug AJ, Crary SM, Choi J, Sebastiano V, 
Cherry A, Giri N, Wernig M, Alter BP, Cech TR, Savage SA, Reijo Pera RA, Artandi SE. Telomere 
shortening and loss of self-renewal in dyskeratosis congenita induced pluripotent stem cells. 
Nature 2011; 474 (7351): 399-402. 

44.  Epel E. How "reversible" is telomeric aging? Cancer Prev Res (Phila) 2012; 5 (10): 1163-8. 

45.  Verhulst S, Aviv A, Benetos A, Berenson GS, Kark JD. Do leukocyte telomere length dynamics 
depend on baseline telomere length? An analysis that corrects for 'regression to the mean'. 
Eur J Epidemiol 2013; 28 (11): 859-66. 

46.  Liu Y, Kha H, Ungrin M, Robinson MO, Harrington L. Preferential maintenance of critically 
short telomeres in mammalian cells heterozygous for mTert. Proc Natl Acad Sci U S A 2002; 
99 (6): 3597-602. 

47.  Wolkowitz OM, Mellon SH, Epel ES, Lin J, Reus VI, Rosser R, Burke H, Compagnone M, Nelson 
JC, Dhabhar FS, Blackburn EH. Resting leukocyte telomerase activity is elevated in major 
depression and predicts treatment response. Mol Psychiatry 2012; 17 (2): 164-72. 

48.  Shalev I, Moffitt TE, Braithwaite AW, Danese A, Fleming NI, Goldman-Mellor S, Harrington HL, 
Houts RM, Israel S, Poulton R, Robertson SP, Sugden K, Williams B, Caspi A. Internalizing 
disorders and leukocyte telomere erosion: a prospective study of depression, generalized 
anxiety disorder and post-traumatic stress disorder. Mol Psychiatry 2014; 19 (11): 1163-70. 



 291 

49.  Flint J, Kendler KS. The genetics of major depression. Neuron 2014; 81 (3): 484-503. 

50.  Broer L, Codd V, Nyholt D, Deelen J, Mangino M, Willemsen G, Albrecht E, Amin N, Beekman 
M, de Geus E, Henders A, Nelson C, Steves C, Wright M, de Craen A, Isaacs A, Matthews M, 
Moayyeri A, Montgomery G, Oostra B, Vink J, Spector T, Slagboom P, Martin N, Samani N, van 
Duijn C, Boomsma D. Meta-analysis of telomere length in 19 713 subjects reveals high 
heritability, stronger maternal inheritance and a paternal age effect. Eur J Hum Genet 2013; 
21 (10): 1163-8. 

51.  Hjelmborg JB, Dalgard C, Moller S, Steenstrup T, Kimura M, Christensen K, Kyvik KO, Aviv A. 
The heritability of leucocyte telomere length dynamics. J Med Genet 2015. 

52.  Codd V, Nelson CP, Albrecht E, Mangino M, Deelen J, Buxton JL, Hottenga JJ, Fischer K, Esko T, 
Surakka I, Broer L, Nyholt DR, Mateo Leach I, Salo P, Hagg S, Matthews MK, Palmen J, Norata 
GD, O'Reilly PF, Saleheen D, Amin N, Balmforth AJ, Beekman M, de Boer RA, Bohringer S, 
Braund PS, Burton PR, de Craen AJM, Denniff M, Dong Y, Douroudis K, Dubinina E, Eriksson 
JG, Garlaschelli K, Guo D, Hartikainen AL, Henders AK, Houwing-Duistermaat JJ, Kananen L, 
Karssen LC, Kettunen J, Klopp N, Lagou V, van Leeuwen EM, Madden PA, Magi R, Magnusson 
PKE, Mannisto S, McCarthy MI, Medland SE, Mihailov E, Montgomery GW, Oostra BA, Palotie 
A, Peters A, Pollard H, Pouta A, Prokopenko I, Ripatti S, Salomaa V, Suchiman HE, Valdes AM, 
Verweij N, Vinuela A, Wang X, Wichmann HE, Widen E, Willemsen G, Wright MJ, Xia K, Xiao X, 
van Veldhuisen DJ, Catapano AL, Tobin MD, Hall AS, Blakemore AIF, van Gilst WH, Zhu H, 
Consortium C, Erdmann J, Reilly MP, Kathiresan S, Schunkert H, Talmud PJ, Pedersen NL, 
Perola M, Ouwehand W, Kaprio J, Martin NG, van Duijn CM, Hovatta I, Gieger C, Metspalu A, 
Boomsma DI, Jarvelin MR, Slagboom PE, Thompson JR, Spector TD, van der Harst P, Samani 
NJ. Identification of seven loci affecting mean telomere length and their association with 
disease. Nat Genet 2013; 45 (4): 422. 

53.  Wei YB, Martinsson L, Liu JJ, Forsell Y, Schalling M, Backlund L, Lavebratt C. hTERT genetic 
variation in depression. J Affect Disord 2016; 189: 62-9. 

54.  Gotlib I, LeMoult J, Colich N, Foland-Ross L, Hallmayer J, Joormann J, Lin J, Wolkowitz O. 
Telomere length and cortisol reactivity in children of depressed mothers. Mol Psychiatry 
2014; 20 (5): 615-20. 

55.  Howren MB, Lamkin DM, Suls J. Associations of depression with C-reactive protein, IL-1, and 
IL-6: a meta-analysis. Psychosom Med 2009; 71 (2): 171-86. 

56.  Slavich GM, O'Donovan A, Epel ES, Kemeny ME. Black sheep get the blues: a psychobiological 
model of social rejection and depression. Neurosci Biobehav Rev 2010; 35 (1): 39-45. 

57.  Reus GZ, Fries GR, Stertz L, Badawy M, Passos IC, Barichello T, Kapczinski F, Quevedo J. The 
role of inflammation and microglial activation in the pathophysiology of psychiatric disorders. 
Neuroscience 2015; 300: 141-54. 

58.  Salpea KD, Maubaret CG, Kathagen A, Ken-Dror G, Gilroy DW, Humphries SE. The effect of 
pro-inflammatory conditioning and/or high glucose on telomere shortening of aging 
fibroblasts. PLoS One 2013; 8 (9): e73756. 

59.  Boyle M, Chun C, Strojny C, Narayanan R, Bartholomew A, Sundivakkam P, Alapati S. Chronic 
inflammation and angiogenic signaling axis impairs differentiation of dental-pulp stem cells. 
PLoS One 2014; 9 (11): e113419. 

60.  O'Donovan A, Pantell MS, Puterman E, Dhabhar FS, Blackburn EH, Yaffe K, Cawthon RM, 
Opresko PL, Hsueh WC, Satterfield S, Newman AB, Ayonayon HN, Rubin SM, Harris TB, Epel 
ES. Cumulative inflammatory load is associated with short leukocyte telomere length in the 
Health, Aging and Body Composition Study. PLoS One 2011; 6 (5): e19687. 

61.  Révész D, Verhoeven JE, Milaneschi Y, de Geus EJ, Wolkowitz OM, Penninx BWJH. 
Dysregulated physiological stress systems and accelerated cellular aging. Neurobiol Aging 
2014; 35 (6): 1422-30. 



  292 

62.  Henje Blom E, Han LKM, Connolly CG, Ho TC, Lin J, LeWinn KZ, Simmons AN, Sacchet MD, 
Mobayed N, Luna ME, Paulus M, Epel ES, Blackburn EH, Wolkowitz OM, Yang TT. Peripheral 
telomere length and hippocampal volume in adolescents with major depressive disorder. 
Transl Psychiatry 2015; 5: e676. 

63.  Clay Montier LL, Deng JJ, Bai Y. Number matters: control of mammalian mitochondrial DNA 
copy number. J Genet Genomics 2009; 36 (3): 125-31. 

64.  He Y, Tang J, Li Z, Li H, Liao Y, Tang Y, Tan L, Chen J, Xia K, Chen X. Leukocyte mitochondrial 
DNA copy number in blood is not associated with major depressive disorder in young adults. 
PLoS One 2014; 9 (5): e96869. 

65.  Kim MY, Lee JW, Kang HC, Kim E, Lee DC. Leukocyte mitochondrial DNA (mtDNA) content is 
associated with depression in old women. Arch Gerontol Geriatr 2011; 53 (2): e218-e221. 

66.  Kim JH, Kim HK, Ko JH, Bang H, Lee DC. The relationship between leukocyte mitochondrial 
DNA copy number and telomere length in community-dwelling elderly women. PLoS One 
2013; 8 (6): e67227. 

67.  Tyrka A, Parade S, Price L, Kao H, Porton B, Philip N, Welch E, Carpenter L. Alterations of 
Mitochondrial DNA Copy Number and Telomere Length with Early Adversity and 
Psychopathology. Biol Psychiatry 2015. 

68.  Cuijpers P, Beekman A, Smit F, Deeg D. Predicting the onset of major depressive disorder and 
dysthymia in older adults with subthreshold depression: a community based study. Int J 
Geriatr Psychiatry 2006; 21 (9): 811-8. 

69.  Hayes AF, Preacher KJ. Statistical mediation analysis with a multicategorical independent 
variable. Br J Math Stat Psychol 2014; 67 (3): 451-70. 

70.  Révész D, Milaneschi Y, Verhoeven J, Penninx B. Telomere length as a marker of cellular 
ageing is associated with prevalence and progression of metabolic syndrome. J Clin 
Endocrinol Metab 2014;  jc20141851. 

71. Révész D, Milaneschi Y, Terpstra EM, Penninx BW. Baseline biopsychosocial determinants of 
telomere length and 6-year attrition rate. PNEC 2016; 67: 153-62. 

72.  Blackburn EH, Epel ES, Lin J. Human telomere biology: A contributory and interactive factor in 
aging, disease risks, and protection. Science 2015; 350 (6265): 1193-8. 

73.  Lindqvist D, Epel ES, Mellon SH, Penninx BW, Revesz D, Verhoeven JE, Reus VI, Lin J, Mahan L, 
Hough CM, Rosser R, Bersani FS, Blackburn EH, Wolkowitz OM. Psychiatric disorders and 
leukocyte telomere length: Underlying mechanisms linking mental illness with cellular aging. 
Neurosci Biobehav Rev 2015; 55: 333-64. 

74.  Insel T, Cuthbert B, Garvey M, Heinssen R, Pine DS, Quinn K, Sanislow C, Wang P. Research 
domain criteria (RDoC): toward a new classification framework for research on mental 
disorders. Am J Psychiatry 2010; 167 (7): 748-51. 

75.  Yee CM, Javitt DC, Miller GA. Replacing DSM Categorical Analyses With Dimensional Analyses 
in Psychiatry Research: The Research Domain Criteria Initiative. JAMA Psychiatry 2015; 72 
(12): 1159-60. 

76.  Daubenmier J, Lin J, Blackburn E, Hecht F, Kristeller J, Maninger N, Kuwata M, Bacchetti P, 
Havel P, Epel E. Changes in stress, eating, and metabolic factors are related to changes in 
telomerase activity in a randomized mindfulness intervention pilot study. 
Psychoneuroendocrinology 2011. 

77.  Lavretsky H, Epel ES, Siddarth P, Nazarian N, Cyr NS, Khalsa DS, Lin J, Blackburn E, Irwin MR. A 
pilot study of yogic meditation for family dementia caregivers with depressive symptoms: 
effects on mental health, cognition, and telomerase activity. Int J Geriatr Psychiatry 2013; 28 
(1): 57-65. 



 293 

78.  Bersani FS, Lindqvist D, Mellon SH, Penninx BWJH, Verhoeven JE, Revesz D, Reus VI, 
Wolkowitz OM. Telomerase activation as a possible mechanism of action of 
psychopharmacological interventions. Drug Discovery Today 2015; (accepted). 

79.  Zhou QG, Hu Y, Wu DL, Zhu LJ, Chen C, Jin X, Luo CX, Wu HY, Zhang J, Zhu DY. Hippocampal 
telomerase is involved in the modulation of depressive behaviors. J Neurosci 2011; 31 (34): 
12258-69. 

80.  Wei Y, Backlund L, Wegener G, Mathe A, Lavebratt C. Telomerase Dysregulation in the 
Hippocampus of a Rat Model of Depression: Normalization by Lithium. Int J 
Neuropsychopharmacol 2015. 

81.  Soeiro-de-Souza MG, Teixeira AL, Mateo EC, Zanetti MV, Rodrigues FG, de Paula VJ, Bezerra 
JF, Moreno RA, Gattaz WF, Machado-Vieira R. Leukocyte telomerase activity and 
antidepressant efficacy in bipolar disorder. Eur Neuropsychopharmacol 2014; 24 (7): 1139-43. 

82.  Haycock PC, Heydon EE, Kaptoge S, Butterworth AS, Thompson A, Willeit P. Leucocyte 
telomere length and risk of cardiovascular disease: systematic review and meta-analysis. BMJ 
2014; 349: g4227. 

83.  Willeit P, Raschenberger J, Heydon EE, Tsimikas S, Haun M, Mayr A, Weger S, Witztum JL, 
Butterworth AS, Willeit J, Kronenberg F, Kiechl S. Leucocyte telomere length and risk of type 2 
diabetes mellitus: new prospective cohort study and literature-based meta-analysis. PLoS 
One 2014; 9 (11): e112483. 

84.  Mundstock E, Sarria EE, Zatti H, Mattos Louzada F, Kich Grun L, Herbert Jones M, Guma FTCR, 
Mazzola In Memoriam J, Epifanio M, Stein RT, Barbe-Tuana FM, Mattiello R. Effect of obesity 
on telomere length: Systematic review and meta-analysis. Obesity (Silver Spring) 2015; 23 
(11): 2165-74. 

85.  Zhang C, Chen X, Li L, Zhou Y, Wang C, Hou S. The Association between Telomere Length and 
Cancer Prognosis: Evidence from a Meta-Analysis. PLoS One 2015; 10 (7): e0133174. 

86.  Viron MJ, Stern TA. The impact of serious mental illness on health and healthcare. 
Psychosomatics 2010; 51 (6): 458-65. 

87.  Coyne, James. NIMH Biomarker Porn: Depression, Daughters, and Telomeres Part 1 
[http://blogs.plos.org/mindthebrain/2015/01/21/nimh-biomarker-porn-depression-
daughters-telomeres-part-1/]. 2015. 

88.  Lin J, Epel E, Cheon J, Kroenke C, Sinclair E, Bigos M, Wolkowitz O, Mellon S, Blackburn E. 
Analyses and comparisons of telomerase activity and telomere length in human T and B cells: 
insights for epidemiology of telomere maintenance. J Immunol Methods 2010; 352 (1-2): 71-
80. 

89.  Son NH, Murray S, Yanovski J, Hodes RJ, Weng N. Lineage-specific telomere shortening and 
unaltered capacity for telomerase expression in human T and B lymphocytes with age. J 
Immunol 2000; 165 (3): 1191-6. 

90.  Daniali L, Benetos A, Susser E, Kark JD, Labat C, Kimura M, Desai K, Granick M, Aviv A. 
Telomeres shorten at equivalent rates in somatic tissues of adults. Nat Commun 2013; 4: 
1597. 

91.  Gadalla SM, Cawthon R, Giri N, Alter BP, Savage SA. Telomere length in blood, buccal cells, 
and fibroblasts from patients with inherited bone marrow failure syndromes. Aging (Albany 
NY) 2010; 2 (11): 867-74. 

92.  Dlouha D, Maluskova J, Kralova Lesna I, Lanska V, Hubacek JA. Comparison of the relative 
telomere length measured in leukocytes and eleven different human tissues. Physiol Res 
2014; 63 Suppl 3: S343-S350. 

93.  Teyssier JR, Ragot S, Donzel A, Chauvet-Gelinier JC. [Telomeres in the brain cortex of 
depressive patients]. Encephale 2010; 36 (6): 491-4. 



  294 

94.  Zhang D, Cheng L, Craig DW, Redman M, Liu C. Cerebellar telomere length and psychiatric 
disorders. Behav Genet 2010; 40 (2): 250-4. 

95.  Muezzinler A, Zaineddin AK, Brenner H. A systematic review of leukocyte telomere length and 
age in adults. Ageing Res Rev 2013; 12 (2): 509-19. 

96.  Sanders JL, Newman AB. Telomere length in epidemiology: a biomarker of aging, age-related 
disease, both, or neither? Epidemiol Rev 2013; 35: 112-31. 

97.  Mather KA, Jorm AF, Parslow RA, Christensen H. Is telomere length a biomarker of aging? A 
review. J Gerontol A Biol Sci Med Sci 2011; 66 (2): 202-13. 

98.  Lopez-Otin C, Blasco MA, Partridge L, Serrano M, Kroemer G. The hallmarks of aging. Cell 
2013; 153 (6): 1194-217. 

99.  Belsky DW, Caspi A, Houts R, Cohen HJ, Corcoran DL, Danese A, Harrington H, Israel S, Levine 
ME, Schaefer JD, Sugden K, Williams B, Yashin AI, Poulton R, Moffitt TE. Quantification of 
biological aging in young adults. Proc Natl Acad Sci U S A 2015; 112 (30): E4104-E4110. 

100.  Aubert G, Hills M, Lansdorp PM. Telomere length measurement-caveats and a critical 
assessment of the available technologies and tools. Mutat Res 2012; 730 (1-2): 59-67. 

101.  Cawthon RM. Telomere measurement by quantitative PCR. Nucleic Acids Res 2002; 30 (10): 
e47. 

102.  Aviv A. The epidemiology of human telomeres: faults and promises. J Gerontol A Biol Sci Med 
Sci 2008; 63 (9): 979-83. 

103.  Aviv A, Hunt SC, Lin J, Cao X, Kimura M, Blackburn E. Impartial comparative analysis of 
measurement of leukocyte telomere length/DNA content by Southern blots and qPCR. 
Nucleic Acids Res 2011; 39 (20): e134. 

104.  Hjelmborg JB, Dalgard C, Mangino M, Spector TD, Halekoh U, Moller S, Kimura M, Horvath K, 
Kark JD, Christensen K, Kyvik KO, Aviv A. Paternal age and telomere length in twins: the germ 
stem cell selection paradigm. Aging Cell 2015; 14 (4): 701-3. 

105.  Shalev I, Entringer S, Wadhwa P, Wolkowitz O, Puterman E, Lin J, Epel E. Stress and telomere 
biology: A lifespan perspective. Psychoneuroendocrinology 2013. 

106.  Entringer S, Epel ES, Lin J, Buss C, Shahbaba B, Blackburn EH, Simhan HN, Wadhwa PD. 
Maternal psychosocial stress during pregnancy is associated with newborn leukocyte 
telomere length. Am J Obstet Gynecol 2013; 208 (2): 134-7. 

107.  Conklin Q, King B, Zanesco A, Pokorny J, Hamidi A, Lin J, Epel E, Blackburn E, Saron C. 
Telomere lengthening after three weeks of an intensive insight meditation retreat. 
Psychoneuroendocrinology 2015; 61: 26-7. 

108.  Schutte NS, Malouff JM. A meta-analytic review of the effects of mindfulness meditation on 
telomerase activity. Psychoneuroendocrinology 2014; 42: 45-8. 

109.  Kark JD, Goldberger N, Kimura M, Sinnreich R, Aviv A. Energy intake and leukocyte telomere 
length in young adults. Am J Clin Nutr 2012; 95 (2): 479-87. 

110.  Mundstock E, Zatti H, Louzada FM, Oliveira SG, Guma FTCR, Paris MM, Rueda AB, Machado 
DG, Stein RT, Jones MH, Sarria EE, Barbe-Tuana FM, Mattiello R. Effects of physical activity in 
telomere length: Systematic review and meta-analysis. Ageing Res Rev 2015; 22: 72-80. 

111.  Puterman E, Lin J, Blackburn E, O'Donovan A, Adler N, Epel E. The power of exercise: buffering 
the effect of chronic stress on telomere length. PLoS One 2010; 5 (5): e10837. 

112.  Puterman E, Lin J, Krauss J, Blackburn E, Epel E. Determinants of telomere attrition over 1 
year in healthy older women: stress and health behaviors matter. Mol Psychiatry 2014; doi: 
10.1038/mp.2014.70. 

 
 


