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Interventions Addressing
the Telomere-Telomerase System
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Abstract

Major psychiatric disorders are linked to early mortality and patients afflicted
with these ailments demonstrate an increased risk of developing physical dis-
eases that are characteristically seen in the elderly. Psychiatric conditions like
major depressive disorder, bipolar disorder, and schizophrenia may be asso-
ciated with accelerated cellular aging, indicated by shortened leukocyte tel-
omere length (LTL), which could underlie this connection. Telomere shortening
occurs with repeated cell division and is reflective of a cell’s mitotic history. It
is also influenced by cumulative exposure to inflammation and oxidative stress
as well as the availability of telomerase, the telomere-lengthening enzyme.
Precariously short telomeres can cause cells to undergo senescence, apopto-
sis, or genomic instability; shorter LTL correlates with compromised general
health and foretells mortality. Important data specify that LTL may be reduced
in principal psychiatric illnesses, possibly in proportion to exposure to the ail-
ment. Telomerase, as measured in peripheral blood monocytes, has been less
well characterized in psychiatric illnesses, but a role in mood disorder has been
suggested by preclinical and clinical studies. In this manuscript, the most recent
studies on LTL and telomerase activity in mood disorders are comprehensively
reviewed, potential mediators are discussed, and future directions are sug-
gested. An enhanced comprehension of cellular aging in psychiatric illnesses
could lead to their re-conceptualizing as systemic ailments with manifestations
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both inside and outside the brain. At the same time, this paradigm shift could
identify new treatment targets, helpful in bringing about lasting cures to innu-
merable sufferers across the globe.
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Introduction

There is emerging evidence that patients suffering from major psychiatric disor-
ders have accelerated aging, are prone to systemic ailments seen in the elderly,
and have increased morbidity and mortality [1]. Chronological age is determined
by calendar units, while biological age is characterized in physiological terms
and is underlined by disease processes. Principal psychiatric disorders which
are epitomized by major depressive disorder (MDD), bipolar disorder (BD) and
schizophrenia are often associated with comorbid medical conditions such as ath-
erosclerotic diseases, cancer, dementia, metabolic irregularities, type II diabetes
mellitus, and osteoporosis [2]. While, no doubt that lifestyle factors and socioeco-
nomic adversities play a role, psychiatric ailments themselves may be contributing
toward this phenomenon. This outpacing of biological versus chronological aging
raises the possibility that major psychiatric disorders are associated with increased
senescence at the level of the organism, or more specifically the cellular level [3].
Biological aging is signified by cellular aging, and an important marker of the
latter is telomere length or more distinctively leukocyte telomere length (LTL) as
measured in peripheral blood mononuclear cells (PBMC) [4]. Composed of DNA
and proteins, telomeres cap the chromosomal ends of the double-stranded DNA and
serve a protective purpose. In primates, telomeres are composed of multiple, non-
coding repeats of the nucleotide sequence, TTAGGG. These shorten with each cell
division because of incomplete replication of the telomere end due to the so-called
end-replication problem [5]. Approximately, 50-100 nucleotides are lost per DNA
replication cycle and this attrition is increased with pathological conditions like
oxidative stress, inflammatory signaling, exposure to certain cytotoxins, and per-
sistently raised stress hormones [6]. The enzyme telomerase which is comprised of
telomerase reverse transcriptase (TERT) and telomerase RNA component (TERC)
can rebuild telomeres by adding small DNA fragments called “Okazaki fragments”
on the lagging strand. However, when this delicate balance is perturbed, telomeres
become precariously short and cells undergo replicative arrest or become genomi-
cally unstable. Cells damaged in this manner can malfunction in specific ways, for
example, p53 or tumor suppressor protein may become active, impairing oxida-
tive defense mechanisms, inducing mitochondrial dysfunction and apoptosis [7].
Additionally, precancerous cells with critically short telomeres are inherently unsta-
ble genomically and exhibit end to end fusion of DNA, thus facilitating tumor pro-
gression. To extend this argument further, rare Mendelian disorders involving genes
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implicated in telomere maintenance and preservation cause a variety of human dis-
eases involving different organ systems and lead to premature death [8].

Telomeres are not dormant structures and telomere length is determined by
both genetic heritability and epigenetic influences which act throughout the
lifespan. In this regard, longitudinal studies have shown that the weighted aver-
age telomere attrition rate is 40.7 base pairs/year [9]. Leukocyte telomere length
is determined by innate genetic factors, with heritability estimates ranging from
0.36 to 0.84 [10]. With aging, telomeres undergo shortening influenced by envi-
ronmental factors, but this is not so invariably. Certain individuals sustain and
even lengthen average LTL over time. While the reasons for this are obscure at
present, relatively long telomeres tend to shorten and comparatively short telom-
eres increase in length over time. A supposed mechanism in this respect may be
the preferential activation of such repair pathways as the catalyst telomerase, the
telomere-lengthening enzyme [11].

In numerous studies shortening of telomeres has been consistently associated
with serious medical ailments chief among which are coronary artery disease,
diabetes mellitus, and various types of cancers [12]. Moreover, according to cur-
rent research evidence critically short telomeres are indicative of increased suffer-
ing from chronic diseases, as well as premature mortality. Even as there are a few
negative reports, the bulk of the epidemiological evidence suggests that baseline
LTL links with medical illnesses cross-sectionally, and prospectively foretells the
development of grave medical conditions leading to early mortality. In this regard,
one study in men showed that relatively hastened shortening of LTL over two and
a half years was longitudinally associated with increased mortality from cardiovas-
cular disease (CVD) on a 12-year follow-up period [13].

So, the next obvious question should be what mechanism underlies this asso-
ciation? With the present state of knowledge, a definitive answer cannot be given
in this respect. The shortened telomeres may be causally involved in the devel-
opment of medical diseases, or general pathogenic features such as inflammation
and oxidative stress may be acting as core etiologic factors. In all likelihood, it
is the combination of both phenomena which act as contributory factors [14]. A
well-cited meta-analysis determined that the risk of CVD was connected to shared
variations in a designated cluster of genes with known association to telomere
preservation and maintenance [15]. While this population-based genetic investi-
gation holds up an etiologic role for deregulated telomere maintenance in CVD,
factors such as increased inflammation and oxidative stress are perhaps respon-
sible for both effects. LTL is an indicator of the cell’s accumulating mitotic his-
tory, as well as its exposure to damaging signals such as inflammatory cytokines
and free radicals [16]. In this vein, it can be hypothesized that increased cell death
due to shortened telomeres can diminish regenerating stem and progenitor cells,
such as hematopoietic cells, endothelial progenitor cells, and neural stem/pro-
genitors cells. This ostensibly impairs cellular replacement and repair processes,
directly contributing to disease progression [17]. Furthermore, aged immune cells
secrete pro-inflammatory cytokines (IL-6, TNF-a) which could be responsible for
a vicious cycle of inflammation, oxidative stress, and telomere shortening [18].
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Potential Confounders in the Interpretation of Leukocyte
Telomere Length

Shortened LTL is a sensitive index of cellular aging and an increasing number of
studies demonstrate that principal psychiatric disorders are connected to this phe-
nomenon [19]. Nonetheless, as data are heterogeneous, several limitations have to
be considered when interpreting the finding from studies on this subject.

(i) When examining the peripheral blood film, it must be understood that
there are young versus aging leukocytes (monocytes, lymphocytes), with
varying telomere lengths.

(i)  The relationship between LTL and TL in other tissues is not fully ascertained,
and while they generally correlate positively, this fact is not fully established.

(iii) Different laboratories utilize diverse methodologies with respect to DNA
extraction and assaying techniques.

(iv)  Perhaps, even trivial DNA degradation can produce false results.

(v) Variables that are subject-specific can introduce bias in interpreting the
association of LTL to the disease processes being investigated. Some
examples include sex, age, early life adversity, psychological resiliency,
lifestyle factors, latent, or active viral infections (CMV, herpes, etc.).

(vi) The presence of psychiatric comorbidities in the study subjects. For
instance, patients with MDD have high rates of anxiety spectrum disorders
and it may be difficult to tease apart the effect of either condition on LTL.

(vii)  Substance use disorders are frequently associated with major psychiatric
disorders. In this regard, it has been shown that heavy alcohol use is by
itself linked to telomere shortening in PBMC.

(viii) Many studies investigating LTL in psychiatric disorders did not control
for medical comorbid conditions which are by themselves associated with
shortened LTL.

(ix) Finally, several psychotropic and non-psychopharmacological agents can
influence LTL, and not statistically controlling for these medications can
introduce bias in the results.

In spite of these caveats, recent meta-analyses have found robust effect size of
LTL shortening for psychiatric disorders as a whole compared with controls [20].
With respect to mood disorders, such differences were found in patients with all
mood states and in studies using different methods for measuring telomere length.

Major Depressive Disorder

Patients with MDD suffer from unipolar depressive episodes; onset is usually in
early adulthood and the disorder tends to follow a chronic course with remissions
and relapses throughout the lifespan. Subjects affected by MDD likely show a
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variable trajectory with some patients having relatively mild and self-limited epi-
sodes, while others suffering from severe exacerbations have physical and neu-
ropsychiatric comorbidities and varying degrees of impairment in the psychosocial
realms of functioning [21]. Several authors have expressed the view that MDD is a
syndrome of premature aging, so that the patients not only have excess of physical
conditions, but brain also demonstrates early aging, which in a subset of cases is
manifested as the dementia syndrome [22].

It was in 2006 that Simon and coauthors first showed that leukocyte telomere
length was decreased in mood disorder subjects. In their seminal study, the total
number of subjects was 88 (44 patients and 44 controls) and out of them, 15 had
MDD without any associated anxiety spectrum disorder. Cases with mood disor-
ders had mean LTL which was 660 base pairs (bp) shorter as compared to age-
matched nonpsychiatric healthy controls (HC), while in the MDD subgroup mean
LTL was 770 bp shorter than in HC. The statistical analysis utilized by the authors
demonstrated that this difference carried a large effect size which corresponded to
approximately 10 years of accelerated aging in the mood disorder subjects and as
such was highly significant. The limitations of this study were that structured clini-
cal interviews were not given to HC and the confounding effect of current and past
psychotropic medications was not controlled for [23].

In pursuance of this argument, the Dutch study by Verhoeven et al. (2014)
is highly important. The data was from the Netherlands Study of Depression
and Anxiety (NESDA) and in this longitudinal cohort study 1095 current MDD
patients, 802 remitted MDD patients, and 510 HC were included. It was shown
that both currently depressed and remitted MDD groups had significantly shorter
LTL as compared to HC. Further, the NESDA study demonstrated that the mean
LTL in the currently depressed and remitted MDD subjects did not significantly
differ from each other. The difference in LTL between the depressed groups and
HC remained significant after controlling for such confounding factors as age,
sex, education level, alcohol use disorders, body mass index, physical diseases,
and exercise. In the currently depressed group, LTL was inversely correlated to
the severity and duration of depression over the last 4 years, pointing to a dose—
response relationship between mood episodes and shortening of the telomere
length in PBMC. Furthermore, the authors hypothesized that the lack of difference
in LTL between currently depressed and remitted patients was because of the fact
that MDD episodes left a persisting signature on the LTL [24]. However, there is
the likelihood that LTL is already short in patients who are susceptible to devel-
oping depressive episodes because of genetic and epigenetic influences and thus
represents a risk factor for the disorder. Support for this assumption is provided
by the study of Gotlib et al. (2015) who showed that LTL was short in girls whose
mothers suffered from major depressive episodes and this signified hereditary and
environmental factors in LTL maintenance [25].

The subject of dose—response relationship between LTL and MDD is of great
interest and thus requires further examination. The literature is mixed on this
aspect as some studies support the hypothesis while others don’t. The prospec-
tive study of Shalev et al. (2014) found that in men the duration of internalizing
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disorders (including major depression) at ages 11-38 predicted LTL at age 38 in a
dose-response mode [26]. In contrast, the study by Jodczyk et al. (2014) showed
that the diagnosis of major depression between ages 16 and 25 did not foretell
shortened LTL between ages 28 and 30. However, in that study exact assessment
of the total exposure to the duration of depressive episodes was not cumulatively
measured [27]. Hoen et al. (2011) studied leukocyte telomere length in patients
with coronary artery disease (CAD). Their study had a large cohort of 952 patients
at baseline and 608 subjects at 5 years of follow-up. Two hundred and six partici-
pants had major depression at baseline. Compared to nondepressed CAD patients,
those with MDD had shorter telomere length in PBMC. However, at 5 years of fol-
low-up, this difference was no longer statistically significant when controlling for
confounders such as BMI, smoking, diabetes mellitus, ejection fraction, statin use,
antidepressant use, level of physical activity, and comorbid anxiety. Although this
was a negative study, it is possible that CAD by itself influenced LTL, covering-up
the effect of MDD [28]. In yet another study, Hoen et al. (2013) investigated LTL
in a population-based sample and reported that baseline anxiety disorders but not
MDD predicted telomere length in PBMC at two years of follow-up [29].

It can be reasonably concluded that the bulk of studies on the relationship
between LTL and MDD show an association, supported by the following facts:

(i) Studies having a greater number of subjects (>40) generally demonstrated
a statistically significant shortening of LTL in MDD subjects.

(i) Negative studies either had fewer subjects or investigated late-life
depression.

(iii) Negative studies had several limitations, for example, a study in elderly
depressed subjects did not control for such pathologies as vascular condi-
tions, or the combined effect of other lifetime diseases which cumulatively
may be responsible for telomere shortening [30].

(iv) In some investigations, the premature loss to the study of elderly depressed
individuals with advanced cell aging who may already have died was not
taken into account.

(v) On the other hand, a study conducted in subjects with anxiety spectrum
disorder seemed to contradict the above argument. It revealed that as com-
pared to younger patients, LTL was shortened only in older subjects aged
between 48 and 87 years. The authors assumed that the cumulative effect
of suffering from a lifetime of anxiety disorders corresponded to persistent
stress with neurobiological sequelae, accelerated aging, and greater tel-
omere attrition [31].

(vi) A negative study showed that MDD subjects receiving antidepressant med-
ications had significant shortening of LTL, while those on no medications
did not. The authors conjectured that MDD cases on psychotropic medica-
tions were more severely depressed and hence also demonstrated shortened
telomeres in PBMC [32].

(vii) Another small study (17 MDD and 16 HC) found no significant difference
in mean LTL. Nevertheless, it did reveal increased expression of p16 NK4a
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and stathmin genes in the group with major depression, which are markers
of cellular aging, telomere maintenance, microtubule functioning, biologi-
cal aging, and cell cycle regulation [33].

(viii) Finally, another small-scale study (18 MDD, 17 HC) was negative in an
overall approach. However, on further analysis, significantly shorter LTL
was found in the subgroup of MDD cases with long duration of illness
(>9.2 years). Moreover, a dose—response relationship was found in MDD
cases who had long periods of untreated major depression, but the number
of individuals was too small to draw a meaningful conclusion [34].

A well-cited review examined the studies on LTL and MDD and calculated the
effect sizes (ES) for studies which had robust methodology as manifested by the
use of structured clinical interviews. Of the studies included in the review, the
ES varied from 0.04 to 0.98 (mean Cohen’s d=0.41; weighted mean Cohen’s
d=0.23) and this represented a small ES. It is worth mentioning that the smallest
ES was noted in studies which included elderly participants and this could have
introduced potential bias in the overall calculations. The majority of the studies
utilizing dimensional diagnostic scales for depression failed to find a correla-
tion between LTL and MDD. Although the reasons for this discrepancy between
studies using categorical criteria versus dimensional scales are not known, it can
be speculated that the latter took into account only short-term depression rat-
ings (1-2 weeks), lacked criteria for illness duration and severity, had absence of
assessment of psychosocial functioning, and in general their participants suffered
from milder forms of depression [35]. Overall, examining the relevant literature in
entirety, it can be justified that MDD is independently associated with shortened
telomeres in the PBMC and this linkage is robust when the duration and severity
of the illness are accounted for [36]. However, as alluded to above, the effect size
in this regard is modest.

Bipolar Disorder

It must be recognized that there are fewer papers on the subject of LTL and BD, as
merely a handful of studies had examined the issue of leukocyte telomere length in
bipolar subjects. The following is a summary of the extant literature on this topic.

(a) Elvsashagen et al. (2011) were among the first to study LTL in bipolar subjects
and their sample consisted of BD type II cases. They defined short telomeres
as <3000 bp and found that these were significantly increased in cases versus
controls using one-tailed tests, with a trend toward shortened absolute LTL in
BD type II patients. The total lifetime number of depressive episodes, as opposed
to hypomanic episodes was significantly related to shortening of telomeres in
PBMC (statistically significant with two-tailed analysis) and in the authors’
view, this indicated the presence of dose—response relationship in the sufferers
[37]. The definition of short telomeres as <3000 bp was somewhat arbitrary, but
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(b)

(©

(d)

(e)

consistent with the fact that telomeres shorter than 3800 bp were inherently insta-
ble as measured by array-comparative genome hybridization analysis.

Rizzo et al. (2013) only studied euthymic females with BD type I, while rea-
sons for excluding men were not clear. The bipolar patients had notably raised
IgG antibodies to the cytomegalovirus (CMV) and also exhibited statistically
significant shortened LTL. Since CMV antibody titers were inversely corre-
lated to telomere length, it was assumed that the association between LTL and
BD was because of infection with the cytomegalovirus. Furthermore, the total
duration of BD corrected for age was not statistically correlated to LTL [38].
Martinsson et al. (2013) studied the effect of lithium therapy on LTL in BD
subjects. Their study was intriguing, as it found increased LTL in lithium-
treated cases compared to controls. BD patients who had received lithium
over most part of the last 2'2 years and those who showed clinical response
to this agent had significantly longer LTL than nonresponders. The authors
hypothesized that lithium was responsible for telomerase activation and this
effect was obvious in patients who had therapeutic response to this medi-
cation [39]. Hence, the protective effect of lithium ion on telomere mainte-
nance and preservation was demonstrated.

The study by Lima et al. (2015) is important for a number of reasons. First,
BD patients regardless of subtype were recruited. Second, it was a rather large
study with 85 BD subjects and 95 carefully matched HC. Finally, it employed
real-time quantitative PCR, a time-tested technique to quantify LTL. As a
whole, BD subjects showed statistically significant shortening of LTL as com-
pared to HC, and while the duration of illness and medication use were not
controlled for, the resulted implied decreased telomere length in BD [40].
Finally, the study by Barbe-Tuana etal. (2016) helps us in understanding
the relationship between early and late stages of BD and telomere attrition.
Twenty-six euthymic BD cases and 34 HC were included, and it was demon-
strated that telomeres were significantly reduced in length using real-time PCR
in both early and late stage cases. Shortened LTL, an indicator of accelerated
aging, was shown to be associated with BD and this could partially explain the
increased prevalence of age-related medical conditions in this disorder [41].

It can be concluded from the above discussion that like MDD, bipolar disorder is
also a disease of accelerated aging with significantly reduced life expectancy in
both conditions and undoubtedly accurate quantification of LTL represents a reli-
able measure of this effect.

Ltl—The Dose-Response Relationship

In order to address this issue, it is important to keep in consideration that serious
mental disorders are commonly associated with inflammation and oxidative stress
and prolonged exposure to psychiatric illnesses results in enhanced contact with
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the latter factors, thus causing greater telomere attrition. Conversely, if LTL short-
ening precedes major psychiatric disorders posing as a risk factor, there might be
a fixed level of LTL shortening despite the degree of actual exposure (‘“premature”
rather than “accelerated” telomere shortening). These premises are not in oppo-
sition to each other, since it is likely that vulnerable individuals have shortened
telomeres preceding the onset of psychiatric illness and have further reductions of
telomere length with greater cumulative exposure to the illness but such notions
await further clarification [42].

A meticulous review of the existing literature is suggestive of a dose—
response relationship in mood disorders, so that mounting exposure to affective
episodes leads to increased telomere attrition. In the Dutch study by Verhoeven
etal. (2014), the severity of depressive episodes and cumulative exposure over
the past 4 years were inversely correlated with LTL [24]. The prospective study
by Shalev et al. (2014) showed that only male subjects had decreased telomere
length in a dose—response manner [26]. The small-scale MDD study by Wolkowitz
etal. (2011) found that LTL shortening was correlated with lifetime duration of
depression, in particular poorly treated or untreated depression [34]. Martinsson
etal. (2013) in their study in BD subjects demonstrated that LTL shortening was
associated with prior depressive rather than manic episodes [39]. Finally, a nega-
tive study is worth mentioning as it did report significantly shorter telomeres in
depressed subjects compared to controls but was unable to find a relationship
between MDD severity and chronicity with LTL shortening [43].

Factors Mediating Telomere Shortening

Major psychiatric disorders like mood disorders and schizophrenia show biologi-
cal abnormalities that cut across diagnostic categories, and importantly, include
increased inflammation, oxidative stress, serum cortisol aberrations, and auto-
nomic system anomalies [44]. These biochemical irregularities likely cause tel-
omere attrition, so that the latter may be related to specific biological processes or
endophenotypes rather than psychiatric diagnoses per se [45]. While this supposi-
tion remains to be fully established, it can help explain the heterogeneity of find-
ings in specific diagnostic groups, as well as the apparent inconsistencies in LTL
studies among patients belonging to different categorical diagnoses. Furthermore,
it is worth remembering that major psychiatric illnesses are often associated with
such lifestyle factors as irregular sleep schedules, unhealthy dietary habits, inad-
equate physical activity, cigarette smoking, and alcohol abuse. These aggravat-
ing factors may, by themselves, lead to increased DNA loss from the telomeres
during cell division as well as in nondividing cells [46]. Additionally, there may
be shortened telomeres in some psychiatric patients prior to disease onset, where
decreased LTL represents an existing anomaly and acts as a risk factor. In this sce-
nario, epigenetic reprogramming of telomere maintenance is conceivably acting as
a mediating factor in stress-related psychiatric conditions [47].
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Inflammation and Oxidative Stress

Deficiency of telomerase, the enzyme responsible for telomere lengthening, causes
shortened telomeres in mitotic cells such as leukocytes, stem/progenitor cells as
well as dividing neurons in the dentate gyrus and subventricular zone. Chronic
viral infection, exemplified by cytomegalovirus, is being increasingly associ-
ated with shortened LTL and this effect is possibly due to selective expansion of
leukocytes and a predominance of senescent T cells (e.g., CD8+CD28—) [48].
Furthermore, inflammation and oxidative stress are two key determinants of LTL
attrition which act independently from telomere shortening that ensues from cur-
tailed DNA end replication in frequently dividing cells. These factors are often
increased in severe psychiatric illnesses and mature resting cells including neurons
can acquire a senescent phenotype if exposed to them [49]. In this regard, it must
be kept in mind that inflammation together with increased oxidative stress can
become mutually reinforcing with increasing damage that promotes accelerated
cell aging. The effect of inflammation on LTL is likely caused by its association
with increased immune cell replication during inflammation, as well as by path-
ways leading from inflammation to oxidation. Pro-inflammatory cytokine levels
are inversely correlated with LTL in MDD, in individuals with histories of early
life stress and in healthy individuals with high C-reactive protein levels or elevated
overall inflammatory load [50]. Oxidative stress probably has an even more funda-
mental role in LTL shortening, since telomeric DNA is very sensitive to free radi-
cals and this coupled to relatively inefficient repair of oxidative damage results in
severe telomere attrition. Accordingly, there is evidence that oxidative stress mark-
ers are inversely correlated with LTL in MDD [51].

Role of Stress Hormones—Cortisol and Catecholamines

The relationship between serum cortisol levels and LTL is not very clear cut. With
regards to basal cortisol concentration, a study showed no significant association
while another reported an inverse relationship to LTL [52]. In studies conducted in
Cushing’s syndrome patients, LTL and cortisol levels were not related cross-sec-
tionally but LTL significantly lengthened after remission from the active disease
[53]. Studies are more, but not always, consistent in showing inverse relationships
between LTL and dynamic aspects of cortisol secretion (e.g., waking-associated
increases in cortisol or cortisol responses provoked by psychological stress) as
opposed to basal, resting or even circadian cortisol levels [54]. In contrast, short-
ened LTL has been associated with increased urinary catecholamine concen-
trations or increased sympathetic nervous system activity more unequivocally.
Individuals with increased inflammation, higher cortisol awakening responses,
and increased heart rates displayed progressively shorter telomeres as the num-
ber of such irregularities increased [52]. Lastly, certain anabolic hormones may
be related to LTL. Stress-stimulated salivary testosterone levels were positively
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correlated with buccal cell TL, but resting, basal, and circadian testosterone levels
were not [55]. Also, higher anabolic/catabolic ratios (higher dehydroepiandroster-
one sulfate and insulin-like growth factor-I levels, along with lower cortisol, cat-
echolamine, and IL-6 levels) in elderly subjects were associated with relatively
longer LTL [56].

Psychotropic Medications and LTL

Two studies in MDD [24] and one in BD type II [37] found no significant differ-
ence in LTL between those who were currently receiving psychoactive medica-
tion compared to those who were not, and one study found no difference between
those on high dose versus low dose antidepressants [43]. These findings must be
interpreted cautiously, however, since only current or recent medication use was
assessed, not the cumulative duration of prior medication use. A study reported
that a mixed group of patients who had severe psychiatric illnesses requiring hos-
pitalization had longer LTL than controls, but only if they had been prescribed
psychotropic medications. However, this finding is difficult to interpret, since
cases did not necessarily have current mental illnesses (patients were included
if they had been psychiatrically hospitalized over approximately the preceding
four decades). Further, patients were not randomized to medication and there
may have been a survivor selection bias [57]. As mentioned earlier, Martinsson
et al. (2013) reported significantly increased LTL in individuals with BD treated
with lithium compared to controls; they hypothesized that lithium may increase
telomerase activity, but this supposition was untested in humans [39]. The litera-
ture search found one study which directly assessed the impact of antipsychotic
medication on telomere length in animals. Mice administered atypical antipsy-
chotics for 2 weeks (from the age of 8 weeks on) had lengthened hippocampal TL
compared to untreated mice; typical antipsychotic medications did not share this
effect [58].

Telomerase Activity (TA) in Mood Disorders—Overview

The enzyme telomerase represents the principal means by which telomeres are
maintained and their lengths replenished. Inadequate TA in replicating or injured
cells decreases the capacity to repair shortened telomeres and increases vulnerabil-
ity to premature cellular senescence, apoptosis, or genomic instability [59]. Most
normal human somatic cells have very little, if any, detectable TA and therefore,
possess limited capacity for cellular division. By distinction, germ-line/stem/pro-
genitor cells have characteristically high TA, and so is the case with various rap-
idly dividing and cancerous cells [60].

Clinical and animal studies have established the significance of balanced tel-
omerase activity for cellular health and successful aging. In humans inherited tel-
omerase deficiency causing a twofold decline in gene dosage is associated with
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malignancies and several other diseases. On the other hand, too much TA can
also be harmful such that mutations that increase expression of TERT, the cata-
Iytic subunit of telomerase, by twofold result in enhanced risk for certain cancers.
This supports the notion of “just right” telomerase activity for appropriate phys-
iological functioning throughout human life [61]. In this vein, the latest studies
have started to examine the ratio of TA to LTL, since higher ratios, particularly in
the presence of lower telomere length, may point to severe cell stress or a failed
attempt by telomerase at telomere maintenance [62]. Separately from their role in
telomere preservation, telomerase and TERT may have a major function in cel-
lular health through other mechanisms such as angiogenesis, mitochondrial work-
ing, neurogenesis, decreased excitotoxicity, and apoptosis, even though most of
this data is from animal experiments, and its human importance is as yet unde-
cided [63]. Mature mice totally lacking in TA exhibited obtunded, dysfunctional
telomeres and a senescent phenotype. Interestingly, in these animals re-activating
telomerase experimentally for a short period of 4 weeks lengthened telomeres,
diminished DNA damage signaling, and reversed degenerative phenotypes through
multiple organs, including the brain [64]. Such findings indicate that telomerase
not only repairs certain types of age-associated cellular damage but also leads to
its reversal.

Preclinical investigations raise the likelihood that brain TA may be relevant to
the depression phenotype in mice because of the following observations [3, 65]:

(1) Chronic mild stress (CMS) diminished hippocampal TA.

(2) Treatment with desipramine, a tricyclic antidepressant, reversed the CMS-
induced decreases in hippocampal TA.

(3) Inhibition of TA in the hippocampus leads to blighted neurogenesis and
“depression-like” behaviors.

(4) By contrast, overexpression of intra-hippocampal TA increased neurogenesis,
produced “antidepressant-like” behaviors and precluded CMS-induced behav-
ioral alterations.

(5) Irradiation ablation of the dentate gyrus prevented the “antidepressant-like”
effects of telomerase overexpression.

This is robust evidence that hippocampal TA in mice is linked to the modulation
of “depression-like” behaviors and possibly “antidepressant-like” effects mainly
by promoting adult neurogenesis in the dentate gyrus. Nevertheless, a noteworthy
limitation is that telomeres and telomerase are regulated differently in rodents and
humans so that caution is warranted when extending these findings to man [66].

TA—A Review of Studies in Psychiatric Disorders

There is a paucity of studies on TA in psychiatric conditions but this area is
better investigated in the framework of psychological stress. In this regard, a
study in premenopausal women reported that compared to low-stress mothers,
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severely stressed caregiving mothers in good overall health and without clinical
depression had lower resting PBMC TA (basal TA) [67]. Another study investi-
gated basal or resting TA in peripheral monocytes and lymphocytes of elderly
women, half of whom were stressed dementia caregivers while the other half
were low-stress controls. Basal TA was lower in dementia caregivers as com-
pared to controls, but exposure to acute laboratory stress transiently increased
resting telomerase activity in all of the participants, both in proportion to the cor-
tisol response to the stressor and (in the low-stress women only) to the degree
of anticipatory threat [68]. Further studies indicated that basal PBMC TA could
be upregulated in stressful conditions or clinical depression. For instance, in
another study in caregivers of dementia sufferers, several subjects had signs of
clinical depression and demonstrated short LTL but with increased basal PBMC
TA [69]. Likely reasons for these conflicting findings could be that the caregiver
mothers in the study by Epel et al. (2004) were premenopausal whereas those in
the Damjanovic et al. (2007) study were postmenopausal and estrogen, a recog-
nized regulator of TERT, was involved in these effects. Moreover, few of the car-
egiver mother subjects (Epel et al. 2004), but many dementia caregivers in the
study by Damjanovic et al. (2007) had clinical depression. Nonetheless, the eti-
ology for the opposing effects on basal PBMC TA was unclear and it was con-
sidered that the increased TA in the latter study was an unsuccessful attempt to
compensate for the excessive loss of telomeres. The same rationalization was
given in a small-scale study in MDD, in which unmedicated individuals with
major depression had significantly increased basal PBMC TA [70]. In addition,
Tessyier et al. demonstrated that expression of TERT mRNA, while not sig-
nificantly different in MDD and control groups, was positively correlated with
depression and anxiety severity ratings in the combined sample of MDD subjects
and controls [33]. A study in patients with schizophrenia reported a nominally
significant decrease in basal PBMC TA in cases compared to controls [71]. Two
genetic studies deserve mentioning; in a study in Han Chinese subjects, research-
ers investigated NVL gene variants in cases with MDD and schizophrenia and
compared these to nonpsychiatric controls. NVL (nuclear valosin containing pro-
tein/p97-Like), a member of the AAA-ATPase (ATPases associated with various
cellular activities) family, encodes a novel hTERT (human telomerase reverse
transcriptase) interacting protein NVL2 which is a telomerase component essen-
tial for holoenzyme assembly. The investigators were able to show that NVL
gene may contain overlapping common genetic polymorphisms acting as risk
factors for both MDD and schizophrenia, highlighting the role of telomerase in
the pathogenesis of major psychiatric disorders [72]. In an interesting study, a
genetic polymorphism in hTERT gene associated with shortened telomeres was
investigated in patients with major depression, BD type I subjects, current epi-
sode depressed, and healthy controls. It was shown that telomere length, as meas-
ured in saliva, was shorter in depressed subjects compared to controls and that
rs2736100 minor allele in hTERT gene was associated with depression among
those without experience of childhood adversity, and with number of depressive
episodes in BD1 patients responding well to lithium. The results suggested that
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genetic variation in hTERT gene, the catalytic subunit of telomerase, may influ-
ence the vulnerability to depression [73].

It can be surmised that changes in telomerase activity may include genetic
alterations in the enzyme, while common pathogenic factors like oxidative stress
and inflammation also influence TA. Likewise, stress associated cortisol changes
may have major effects on TA and, in this regard, the underlying mechanisms are
just beginning to be elucidated. In a recently published study, cases with MDD
on routine drug treatment were randomized to 12 weeks of yoga- and meditation-
based lifestyle intervention (YMLI) or no such treatment and several neuroplasti-
city and cellular health biomarkers were measured. It was found that depression
scores significantly decreased in the intervention group compared to controls
and that this was associated with increased serum BDNF levels in the former.
Increased sirtuin 1 and telomerase activity and decreased cortisol significantly pre-
dicted this association (all p < 0.05) [74].

Psychotropic Medications and TA

In this section, first preclinical data is described in relation to psychotropic medi-
cations and TA and the results are interpreted with respect to depression-like
behaviors in murine models. In a recently published study, it was found that
depressive phenotype induced by CMS in rats was reversed by desipramine (a
TCA) and this was associated with restored TA as measured by increased TERT
expression along with a reduction in oxidative damage to animal liver [65]. The
study concluded that antidepressant administration was able to rescue age-
related phenotypes in depressed individuals induced by chronic stress. Wei et al.
(2015) reported short telomeres and reduced TERT expression and TA in the hip-
pocampus of Flinders sensitive line rats, which are a genetic model of depression,
compared to Flinders-resistant line rats. They also found that lithium adminis-
tration for 6 weeks significantly increased TERT expression and TA in the hip-
pocampus of the Flinders sensitive line rats, thereby normalizing their baseline
abnormalities [75].

Although still few in number, clinical studies are now providing a clearer pic-
ture with respect to TA and psychotropic agents. In a small-scale study in BD type
I patients, it was shown that compared to controls, medication-free subjects with
manic episodes had shortened LTL at baseline, but this increased after treatment
with lithium plus antipsychotics. Whole blood TERT gene expression levels were
upregulated in mania and remission compared to controls and this effect was spec-
ulated to be a compensatory attempt by the body to restore LTL [76]. An interest-
ing study in bipolar disorder found that in cases, LTL was positively correlated
with lithium therapy when treatment lasted for a duration of more than 2 years.
Moreover, there was increased expression of telomerase gene in neural progeni-
tor cells derived from lithium-treated patients [77]. A large-scale study sheds light
on recently recognized hTERT SNP rs2736100, shortened LTL and depression.
It was found that telomere length was decreased in cases versus controls and the
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rs2736100 minor allele was associated with MDD among those without experi-
ence of childhood adversity, and with number of depressive episodes in BD types
I patients responding well to lithium. While it was an original report on hTERT
gene variation in mood disorders, it demonstrated that the newly documented SNP
was associated with depressive recurrences in bipolar disorder even in patients
who had response to lithium [73]. In the study by Martinsson et al. (2013), it was
shown that both BD type I and II patients had lengthening of LTL compared to
controls with long-term lithium treatment (>30 months) and this effect was posi-
tively correlated with lithium response [39]. In a small-scale study, Wolkowitz
etal. (2012) reported that unmedicated MDD subjects who had relatively low
basal PBMC TA at baseline (prior to treatment and compared to the entire MDD
group), and who had the greatest increases in basal PBMC TA over the course of
treatment, showed superior antidepressant response to 8 weeks of sertraline treat-
ment. Across the entire sample (responders and nonresponders to treatment), how-
ever, antidepressant treatment was not associated with significant changes in basal
PBMC TA. These findings raise the possibility that depressed individuals with
relatively low basal PBMC TA while unmedicated (compared to other depressed
individuals) stand to gain the most from exogenous telomerase activation, and that
telomerase activation may be a novel mechanism of action of some antidepressants
[70]. Further studies are urgently needed to assess the role of telomerase in psy-
chiatric disorders, identify new mechanisms of action of psychopharmacological/
psychological treatments, and most importantly, answer the key question whether
cellular aging can be reversed or slowed down?

Peripheral Aging Biomarkers and Brain

In this section, the relationship of LTL and PBMC TA with brain tissue is exam-
ined as it is crucial to establish whether key peripheral biomarkers of aging bear
any association with brain functioning. Since telomere length is frequently inter-
related across certain tissues including skeletal muscle, skin, subcutaneous fat,
and cerebral cortex it is conceivable that LTL is linked to TL in some brain tis-
sues. Additionally, the rates of telomere shortening over time are also comparable
across tissues, at least for leukocytes, skeletal muscle, skin, and subcutaneous fat
[78]. Further, to the extent that LTL is shortened by inflammation and oxidative
stress, these systemic factors may affect telomeres in brain cells also, since the lat-
ter are highly susceptible to such conditions. Regardless of these speculations, it is
unknown whether LTL and TL are correlated in brain cells [79].

In this vein, two postmortem studies of TL in cerebellar gray matter and occipi-
tal cortex found no significant differences between MDD subjects and controls,
although correlations with LTL were not assessed [80, 81]. However, compared to
areas like dentate gyrus in hippocampus where actively dividing neuronal precur-
sor cells are found, cerebellar and occipital gray matter are presumably not much
influenced by mitosis-related telomere shortening. Among the glial cells, oligo-
dendrocytes are exquisitely sensitive to oxidative stress. Szebeni and colleagues,
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studying the autopsied brains of individuals who had MDD reported shortened TL,
decreased TERT expression, and lowered antioxidant enzymes in oligodendrocytes
in two white matter regions implicated in MDD [82].

Neuroimaging research is beginning to shed light on the correlation between
LTL and hippocampal volume in MDD. Wikgren et al. found that, whereas shorter
LTL was associated with greater subcortical atrophy and more white matter hyper-
intensities, shorter LTL was related to larger hippocampal (HC) volume. This
was discovered in non-demented apolipoprotein E €3/e3 carriers, but not in non-
demented apolipoprotein E €4 carriers. The authors interpreted their finding in the
former group as being consistent with greater overall cellular proliferation in leu-
kocytes as well as the hippocampus. While this would lead to relatively shorter
LTL due to more frequent mitoses in the leukocytes, HC volume would increase
due to enhanced neurogenesis in the dentate gyrus [83]. Nonetheless, a more
recent MRI study found the opposite relationship; it discovered that in apolipo-
protein E e3/e3 carriers LTL was directly correlated with HC volume, which was
interpreted as evidence of “coordinated chromosomal and neural aging” [84]. A
relatively recent population-based study found that LTL was positively linked to
total cerebral volume, including white and cortical matter gray volume, as well
as with HC size and volumes of several other subregions. These correlations were
generally more robust in relatively older individuals, but remained significant after
adjusting for multiple covariates, including age, gender, and cardiovascular risk
factors [85].

Very few studies have examined relationships between basal PBMC TA and
brain TA or brain structural volumes. To date, only one study has assessed the
relationship of basal PBMC TA to HC volume in MDD. In an interesting study,
Wolkowitz et al. (2015) reported a significant positive correlation between basal
PBMC TA and hippocampal volume in a small group of unmedicated individu-
als with MDD but not in healthy controls. The authors interpreted these findings
as being consistent with the fact that increased neurogenesis in the dentate gyrus
resulted from greater TA in the hippocampus in MDD subjects [86].

In conclusion, it is implicit that only peripheral markers of cell aging (LTL,
PBMC TA) are obtainable in living humans. Nonetheless, it is essential to estab-
lish their relationship to neural processes involved in psychiatric illnesses; oth-
erwise, their ultimate value will be limited. As alluded to above, in the case of
clinical populations there are enough promising leads to justify further trials
comparing peripheral and central markers using various forms of neuroimaging.
For investigation purposes, autopsied brain specimens can provide corroborating
evidence.

Averting or Undoing Cellular Aging

There is sufficient evidence that shortened LTL accompany major psychiatric dis-
orders and this raises the exciting prospect that appropriate treatment or preven-
tion of psychiatric illnesses might lead to telomere lengthening and delay cellular
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aging. Only few pharmacologic studies have investigated this issue; nonetheless,
several behavioral and psychological intervention studies in nonpsychiatric pop-
ulations have examined the matter. In the later subjects, researchers have deter-
mined the effects of interventions on basal PBMC TA or LTL. The behavioral
techniques range from intensive lifestyle modification, mindful eating, mindful-
ness-based stress reduction, and various types of meditation, even though it is
not known whether the findings could be extended to psychiatric populations. An
additional limitation is that these studies have often been non-randomized and not
adequately controlled; however, in general, these have found intervention-associ-
ated increases in basal PBMC TA [87]. Furthermore, some investigators reported
“dose-response” relationships, such that enhancement in mental well-being,
greater sense of purpose in life and superior adherence to behavioral interventions
correlated with larger increases in basal PBMC TA [88]. One study found that
retreat participants meditating for 6 h daily for 3 months had greater PBMC basal
TA at the end of the 3 months than did a waitlist control group [89]. In a sample
of breast cancer patients, Lengacher et al. (2014) showed that mindfulness-based
stress reduction for 6 weeks significantly increased PBMC basal TA compared to
a waitlist control group. Unlike some other studies, the investigators controlled for
basal PBMC TA at the start of the study, but the active group was heterogeneous
in terms of treatment received and time since treatment completion. Additionally,
the treatment program was rather short and thus only short-term assessment of
basal PBMC TA was possible [90]. In a first of its kind non-randomized study
in low-risk prostate cancer patients, Ornish et al. (2008) showed that 3 months
of wide-ranging lifestyle alterations resulted in significant increases in basal
PBMC TA along with reduction in psychological distress. Potential limitations
of this study were the lack of a control group, the fact that only 30 of 126 eli-
gible patients agreed to participate in the study after learning the details and an
all-male cohort [91]. A 5-year follow-up of 10 of the original participants from
that study showed that their LTL significantly increased from baseline relative to
controls who were only provided active surveillance. This study was limited by
small sample size (10 subjects in the intervention group and 25 controls) and non-
randomized design [92].

The literature on exercise and telomere length is rather unclear but by and large
indicates that exercise is coupled to a telomere-protective phenotype in leukocytes
and skeletal muscles [93]. One study found that aspects of “multisystem resil-
iency” defined by positive lifestyle (e.g., social support, good emotional regula-
tion, sleep, and exercise), collectively but not individually, statistically diminished
the negative relationship between MDD and LTL. Analyses in this study were
cross-sectional, thus causality could not be deduced and data on diet, another life-
style factor that could influence LTL, were not offered [94]. The same group of
investigators previously found, in a group of caregiving and non-caregiving post-
menopausal women, that highly stressed women had shorter telomeres, but only
if they were inactive, signifying a protective effect of exercise. As that study
was cross-sectional, it was hard to infer causal relationships, particularly since
the more highly stressed women were less likely to be physically active [95].
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Similarly, a prospective study of healthy postmenopausal women followed over
the course of 1 year found that major life stresses during the study year were asso-
ciated with significant telomere shortening over the period, but that this effect was
significantly attenuated in women with positive health behaviors (leisure-time
physical activity, healthy dietary practices, and good sleep quality) [96]. This
study was important since it was one of the few prospective longitudinal studies to
examine stress-related changes in TL and possible moderators of this correlation.
However, since the measures of stress and of health behaviors were self-reported
this could have possibly influenced the results. Further, health behaviors may have
been falsely associated with LTL if physical diseases (that could, themselves,
reduce health behaviors) had the primary relationship with LTL. One additional
small-scale study involving telephone-based psychological stress-reduction coun-
seling in 22 women with cervical cancer found no significant overall change in
LTL following four months of counseling, but did observe that changes in distress
ratings over that time period were inversely correlated with changes in LTL. This
study, however, had no control group, and four months of study time may be too
short to determine significant changes in LTL [97].

The behavioral/psychological/lifestyle intervention literature linking these
measures to basal PBMC TA and LTL is attention-grabbing and points in the pre-
sumed direction. However, it is limited by the small-scale, non-randomized, non-
blinded design of the studies, as well as, the short duration of the interventions.
Despite the fact that the biochemical intermediaries in this regard remain to be
determined, the presumed effects of certain of these interventions on cellular aging
appear to be mediated by such psychological factors as improvements in stress
arousal and lessening of threat cognitions and ruminative thought.

Conclusion

The study of telomere biology in psychiatric illnesses is in its initial stages and,
while firm conclusions cannot be drawn, the evidence is suggestive of acceler-
ated cellular aging in major mental disorders. Admittedly, there are discrepancies
between studies and the possible reasons include varied subject demographics
(e.g., age, gender, race, socioeconomic status, history of childhood adversity), dis-
similar study designs, differences in duration or severity of the investigated illness,
diverse specimen processing, and disparate assaying protocols. Moreover, varia-
tions in moderators of LTL and basal PBMC TA are often not assessed and, among
others, these comprise of genetic risk-alleles, cognitive threat appraisal, pessimis-
tic outlook, arousal and regulatory system activation, and stress resiliency fac-
tors. In this respect, recent data suggest that “high risk” genetic polymorphisms
in the serotonin and dopamine systems may interact with early life adversity to
affect adult LTL. Short LTL is unlikely to be specific to any one categorical psy-
chiatric illness and is more likely related to underlying transdiagnostic biological
abnormalities or behavioral dimensions/phenotypes. Combining LTL measures
with psychiatric disorder evolution may inform clinical practice as the current evi-
dence is suggestive of progressive telomere attrition with repeated mood episodes.
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Further, a study of cell aging in psychiatric illnesses and of its moderators and
mediators may have preventive and protective value. However, the overarching
question is whether peripheral LTL and PBMC basal TA are reflective of brain
processes relevant to mental illness.

Evidence of significant LTL shortening in psychiatric illnesses is cause for
concern, since shorter LTL has been linked to current and future medical illnesses
and to premature mortality, although causality has not been demonstrated. More
research is needed to define possible roles of telomerase and TERT in psychiat-
ric illnesses, but initial preclinical and clinical findings are intriguing and indica-
tive of a potential role in hippocampal neurogenesis and the action of psychotropic
medications. Risk factors and mechanisms for accelerated cell aging in humans
are just beginning to be understood, and longitudinal studies will be needed to
infer causality as well as to address the important questions of timing, prevention,
and reversibility of cell aging. If LTL attrition is related to psychiatric disease in
a “dose-response” relationship, it will be important to determine whether less-
ening the “dose” of the disease by adequate treatment will help preserve LTL or
reverse telomere attrition. In a rather dismal situation, findings that certain posi-
tive lifestyle changes are correlated with lowered degrees of cell aging provide
reasons for optimism, although many of the studies are small-scale, open-label,
or inadequately controlled. Thus, more prospective longitudinal, large-scale, well-
controlled studies are required. Since subjective stress ratings and the anticipation
of threat bear closer relationships to cell aging than do objective stressors, it is
conceivable that psychotherapy and stress coping mechanisms might also attenu-
ate stress associated cell aging, but this has not been well studied.

Measuring LTL and basal PBMC TA may someday prove to be useful biomark-
ers in personalized medicine for staging disease progression and disease risk and
selecting treatments, but there is insufficient research yet to support this assump-
tion. Further, inadequate calibration of assay methods across labs and the lack of
accepted “normal ranges” for LTL and basal PBMC TA make it premature for cell
aging markers to enter clinical use at this time. The relatively small effect sizes
reported in positive studies, as well as the lack of diagnostic specificity of LTL and
PBMC basal TA changes also argue against the use of such markers as diagnostic
tools in isolation from other measures. As the mechanistic relationships between
psychiatric illnesses, biological aging, and comorbid physical illnesses become
clearer, psychiatric illnesses may come to be understood as systemic illnesses with
specific mental manifestations rather than as purely brain diseases, thus expanding
the range of therapeutic targets and diminishing the stigma associated with these
illnesses.
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