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a  b  s  t  r  a  c  t

Many  psychiatric  illnesses  are  associated  with  early  mortality  and  with  an  increased  risk  of  developing
physical  diseases  that  are  more  typically  seen  in  the  elderly.  Moreover,  certain  psychiatric  illnesses  may  be
associated  with  accelerated  cellular  aging,  evidenced  by  shortened  leukocyte  telomere  length  (LTL),  which
could  underlie  this  association.  Shortened  LTL  reflects  a cell’s  mitotic  history  and  cumulative  exposure
to  inflammation  and  oxidation  as well  as  the availability  of  telomerase,  a telomere-lengthening  enzyme.
Critically  short  telomeres  can cause  cells  to  undergo  senescence,  apoptosis  or  genomic  instability,  and
shorter LTL correlates  with poorer  health  and  predicts  mortality.  Emerging  data  suggest  that  LTL may  be
reduced  in  certain  psychiatric  illnesses,  perhaps  in  proportion  to  exposure  to the psychiatric  illnesses,
although  conflicting  data  exist.  Telomerase  has been  less  well  characterized  in  psychiatric  illnesses,  but  a
role in  depression  and  in antidepressant  and  neurotrophic  effects  has  been  suggested  by  preclinical  and
clinical  studies.  In this  article,  studies  on LTL  and  telomerase  activity  in  psychiatric  illnesses  are  critically
reviewed,  potential  mediators  are  discussed,  and  future  directions  are  suggested.  A  deeper  understanding
of cellular  aging  in  psychiatric  illnesses  could  lead  to  re-conceptualizing  them  as  systemic  illnesses  with
manifestations  inside  and outside  the brain  and  could  identify  new  treatment  targets.
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. Introduction

Many psychiatric disorders such as major depressive disor-
er (MDD), bipolar disorder (BD), post-traumatic stress disorder
PTSD) and schizophrenia, are associated with an increased risk of
erious medical illnesses (O’Donovan et al., 2011a; Penninx et al.,
013; Viron and Stern, 2010) and premature mortality from natural
auses (Viron and Stern, 2010). Although lifestyle and socioeco-
omic factors play a role, the psychiatric condition itself may  be
n independent risk factor (Viron and Stern, 2010). The particular
edical illnesses that are more frequent in these psychiatric con-

itions are those that are more commonly seen with advanced age,
.g., cardiovascular disease (CVD), stroke, dementia, cancer, obe-
ity, type II diabetes mellitus, osteoporosis (Evans et al., 2005). This
aises the possibility that certain psychiatric illnesses are associated
ith accelerated biological aging at the organism or even cellular

evel. Whereas chronological age is measured in calendar units, bio-
ogical age is defined physiologically and is more closely associated

ith disease processes. “Accelerated biological aging” occurs when
iological age outpaces chronological age.

An important aspect of biological aging, and the one primarily
ocused on in this review, is aging at the cellular level. An emerging

arker of cellular aging is telomere length (TL), often measured in
eukocytes (as LTL) or peripheral blood mononuclear cells (PBMCs)
Fig. 1). Telomeres are DNA–protein complexes that cap the
hromosomal DNA ends, protecting chromosomes from damage.
elomeres shorten with repeated cell divisions in somatic cells due
o incomplete replication of the telomere ends (Fig. 1), replication-
nd nuclease-associated telomeric DNA damage, and/or chronic
xposure to oxidation, certain cytotoxins or inflammation and
ossibly chronic exposure to the stress hormones, cortisol and cat-
cholamines (Wolkowitz et al., 2011b). When telomeres reach a
ritically short length, cells undergo replicative senescence or can
ecome genomically unstable. Senescent cells malfunction in cell-

senescence or apoptosis (Sahin et al., 2011) (Fig. 2). In addition,
failure of checkpoints in pre-cancerous cells with critically short
telomeres can lead to genomic instability through DNA end-to-end
fusions and can promote cancer progression (Maser and DePinho,
2002). Rare Mendelian human mutations compromising telomere
maintenance or protection genes cause early death and diseases
involving a wide variety of tissues and organ systems (Armanios
and Blackburn, 2012).

Telomeres are dynamic structures, and LTL is in part geneti-
cally programmed, with heritability estimates ranging from 0.36
to 0.84 (Aviv, 2012). In a recent meta-analysis, TL heritability was
estimated to be 0.7 (Broer et al., 2013). Telomeres are also subject
to epigenetic influences and to modifications acquired over the life-
span (Aviv, 2012). Leukocyte telomere length generally decreases
progressively over the lifespan, with estimates of average attri-
tion rate ranging between 14 and 103 base pairs (bp) per year
(weighted mean of 21.9 bp per year) in cross-sectional studies, and
between 32.2 and 45.5 bp per year (weighted mean of 40.7 bp per
year) in longitudinal studies (Muezzinler et al., 2013). Some indi-
viduals maintain and may  even lengthen average LTL for some
periods (Epel, 2012; Muezzinler et al., 2013). The reasons for this are
unknown, but relatively long telomeres tend to shorten over time,
and relatively short telomeres tend to lengthen over time, possibly
due to the preferential recruitment of reparative mechanisms such
as telomerase activity (TA) (Epel, 2012).

Short LTL in humans has been associated with serious medi-
cal illnesses with some consistency according to meta-analyses,
including cardiovascular disease, diabetes, and cancer (D’Mello
et al., 2014; Weischer et al., 2012; Willeit et al., 2014; Wentzensen
et al., 2011). There are some studies linking shorter LTL with pre-
mature mortality (Cawthon et al., 2003; Fitzpatrick et al., 2011;
Weischer et al., 2012) and a reduction in years of healthy living
(Njajou et al., 2009).

While most studies have noted such patterns, there are also

pecific ways. For example, the tumor suppressor protein, p53,
ay  be activated, which inhibits oxidative defense mechanisms

such as peroxisome proliferator-activated receptor-gamma coac-
ivator [PGC] 1-� and �), promoting mitochondrial damage and
negative reports. For example, Svensson et al. (2014) found no asso-
ciation between LTL and all-cause mortality or mortality due to
cancer or CVD in a cohort of elderly men. Epidemiological stiud-
ies in elderly populations must be interpreted cautiously, however,
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Fig. 1. Telomeres and telomerase. Telomeres [1] are protective caps at the ends of linear DNA strands. In humans, telomeres are comprised of multiple non-coding repeats
of  the nucleotide sequence, TTAGGG, and at birth, human telomeres are approximately 10,000 nucleotides long (Okuda et al., 2002). Telomeres lose approximately 50–100
nucleotides per DNA replication cycle (unless acted upon by telomerase) due to the so-called “end-replication problem” and can lose even more due to oxidative damage.
The  end replication problem arises during DNA replication or extension because DNA polymerase can only synthesize DNA in one direction (5′ → 3′). On  the 5′ → 3′ leading
strand [2], this route is continuous, but on the lagging strand [3], it is discontinuous, synthesized in fragments that require a RNA primer molecule [4] to provide a 5′ initiation
point.  As each fragment on the lagging strand (called “Okazaki fragments”) is completed, the RNA primer translocates to initiate the synthesis of additional fragments. Since
the  RNA primer must always attach prior to the synthesis of the lagging strand fragments, and since the RNA primer must base pair to complementary nucleotides on the
leading strand, the 5′ end of lagging strand will always be shorter than the 3′ end of the leading strand, and thus is incompletely replicated. Shortened telomeres can be
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ebuilt  by telomerase [5], which is comprised of the telomerase reverse transcripta
ew  complementary telomeric DNA construction along the leading strand. As telom
roviding additional room for extension of the lagging strand (Chakhparonian and 

ue to the potential for selective dropout of the more biologically
ged individuals due to earlier mortality. In several studies, not only
id baseline LTL correlate with medical illnesses cross-sectionally
ut predicted the subsequent development of cancers, CVD, dia-
etes or mortality (Cawthon et al., 2003; Willeit et al., 2010; Zhao
t al., 2014). Also, prospective shortening of LTL over relatively short
eriods of time (2.5 years) has predicted long-term (12 year) cardio-
ascular mortality in men  in one study (Epel et al., 2009a), although
ot all studies have found this (Weischer et al., 2014).

It is unknown whether the shortened telomeres are causally
nvolved in these illnesses, or whether they merely reflect the
nderlying disease process (Masi et al., 2012), or a combina-
ion of both. A recent genome-wide meta-analysis of over 37,000
ndividuals identified several loci associated with mean LTL and
ontaining genes associated with telomere biology, which, com-
ined, showed a strong linkage with coronary artery disease (CAD)
Codd et al., 2013); CAD risk increased 21% for every standard devi-
tion decrease in LTL, supporting a direct relationship between TL
ariation and certain age-related diseases like CAD (Codd et al.,
010). Because this large meta-analysis showed that the risk of
ardiovascular disease is influenced by common variations in a
efined set of genes known molecularly to act specifically in
elomere maintenance and protection (Codd et al., 2013), this find-
ng supports a causal role for impaired telomere maintenance in
artially contributing to cardiovascular disease. Apart from this

opulation-based genetic study, it can be difficult to determine
ausality, since many of the factors that shorten telomeres likely
lay an independent role in disease pathophysiology. For exam-
le, LTL can be conceptualized as a “canary in the coal mine”
RT) enzyme and a telomerase RNA component (TERC) that serves as a template for
 advances along the leading telomeric DNA strand, new nucleotides are added to it,
ger, 2003).

(Effros, 2009) by providing an index of the cell’s cumulative
mitotic history (for example, immune cell divisions in response
to pathogens), and of its cumulative exposure to cytotoxic envi-
ronments (e.g., chronic inflammation and oxidation). On  the other
hand, there may  be a more direct linkage between short telom-
eres and disease onset. Since accelerated cell death due to telomere
shortening can deplete populations of dividing stem cells and pro-
genitor cells (e.g., hematopoietic stem cells, endothelial progenitor
cells and neural stem cells/neural progenitor cells) (Nalapareddy
et al., 2008), cellular replacement and repair processes can become
limited. In addition, immune cells that have become senescent due
to critical telomere shortening (e.g., CD8+CD28− T lymphocytes)
hyper-secrete pro-inflammatory cytokines such as interleukin (IL)-
6 and tumor necrosis factor (TNF)-� (Effros, 2009), which can lead
to a vicious cycle of further inflammation, oxidative stress and telo-
mere shortening.

1.1. Caveats in interpreting LTL in psychiatric illnesses

Important caveats must be considered in interpreting LTL (Aviv
et al., 2006; Epel, 2012), e.g., (a) distinguishing between telomere
shortening in the individual leukocyte vs. “apparent” telomere
shortening when examining average LTL, due to a re-distribution
of leukocyte cell types having different telomere lengths, such as
naïve vs. memory T cells; (b) the relationship of LTL to TL in other tis-

sues has not been well established, and TL varies by tissue (although
TL is generally positively correlated across certain, but not all, tis-
sues within individuals) (Daniali et al., 2013; Dlouha et al., 2014;
Friedrich et al., 2000; Gadalla et al., 2010; Lukens et al., 2009;
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Fig. 2. Critical shortening of telomeres can lead to apoptosis, cell cycle arrest or genomic instability. When telomere length is sufficiently shortened [1] or when telomere
integrity is sufficiently challenged, classic DNA damage responses (DDR’s) [2] are initiated. A major effector of the DDR is the tumor suppressor protein p53 [3], which is
activated upon telomere damage. This can lead to cell cycle arrest (“replicative senescence”), cellular senescence and apoptosis; this is most likely to affect cells turning over
rapidly, such as blood cells (Sahin et al., 2011). Cellular death and senescence can give rise to stem cell dysfunction, degenerative diseases and tissue death. Were it not for p53
activation, telomere-damaged cells could survive, and their genomic instability could give rise to cancerous cells. Activation of p53 can also damage cells turning over slowly,
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he  master regulators of mitochondrial function and biogenesis (Sahin et al., 2011)
y  decreasing cellular energy production and by releasing excessive amounts of free
ther  cellular components. Figure adapted from Kelly (2011), commentary on Sahin

itchell et al., 2014; Nakamura et al., 2002; Takubo et al., 2002,
010; Thomas and Fenech, 2008); (c) different results may  derive
rom different DNA extraction and assay methods and different lab-
ratories (Aubert et al., 2012; Aviv et al., 2011; Cunningham et al.,
013; Montpetit et al., 2014; Nieratschker et al., 2013); and (d)
ven slight DNA degradation can yield spurious TL measuements
Dlouha et al., 2014). Further, many subject-level variables, such as
ge, sex, genetic polymorphisms, “resiliency,” education, history of
arly life adversities, parental responsiveness, socioeconomic sta-
us, health behaviors, diet, and latent or active viral infections (e.g.,
ytomegalovirus or herpes virus) may  affect LTL, independent of
he disease process being studied (Adler et al., 2013; Asok et al.,
013; Aviv et al., 2011; Effros, 2011; Eitan et al., 2014; Epel, 2009,
012; Gardner et al., 2014; Gutierrez-Rodrigues et al., 2014; Jacobs
t al., 2013; Lung et al., 2005; Nieratschker et al., 2013; Price et al.,
013; Puterman et al., 2010, 2013; Rizzo et al., 2013; Spyridopoulos
t al., 2009; Wikgren et al., 2012a).

Other potentially important confounds in interpreting LTL in
sychiatric illnessess are psychiatric and medical comorbidities.
any psychiatric diagnoses has a high comorbidity with secondary

sychiatric illnessess such as substance abuse, various anxiety dis-
rders, and PTSD (Kessler et al., 1994; Lamers et al., 2011). For
xample MDD  has a 50% comorbidity with anxiety disorders (Fava
t al., 1997), making it difficult to ascribe telomere effects to sin-
le diagnosis. Moreover, several preliminary reports suggest that
lcohol and certain types of substance abuse may  be associated

ith altered LTL (Pavanello et al., 2011; Yang et al., 2013). Due to

he high commorbidty between alcohol and substance abuse and
ajor psychiatric illnessess this may  also confound or complicate

he interpretation of LTL in psychiatric lllnessess.
ferator-activated receptor gamma, coactivator-1 � and � (PGC-1� and PGC-1�)  [4],
 effects on mitochondrial number and function can also decrease cellular viability
als such as reactive oxygen species (ROS) [5], which further damage telomeres and

. (2011).

In addition to psychiatric and substance-related comorbidities,
many serious comorbid medical illnesses may  also be associated
with decreased LTL (D’Mello et al., 2014; Weischer et al., 2012;
Willeit et al., 2014; Wentzensen et al., 2011), and presumably this
is independent of the effect of the psychiatric diagnosis. Among
the studies reviewed here, most excluded serious or uncontrolled
medical illnesses, although several either did not, or else specifi-
cally focused on medically ill populations, making it is difficult to
tease apart the role of concurrent medical illnesses in predicting
LTL. Similarly, a number of medications, both psychiatric (discussed
below) and non-psychiatric, may  have significant effects on LTL,
especially if these medications are not matched across groups or
statistically controlled for. For example, there is preliminary evi-
dence that statins (Olivieri et al., 2012), certain hormones (Lin et al.,
2011), and caffeine (Romano et al., 2013) may  impact LTL.

1.2. Summary

In summary, LTL is an index and predictor of physical health
and of processes associated with biological aging. To the extent
leukocyte telomeres are relatively short in psychiatric illnesses,
shortening of LTL may  help explain the excess medical morbidity
associated with serious psychiatric illnesses.

2. Telomere length in psychiatric illnesses
2.1. MedLine search strategy

In the following sections, we review the literature on LTL and
PBMC TA in major psychiatric illnesses, but we direct the reader
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o other papers for discussion of cell aging in chronic psychologi-
al stress (Kiecolt-Glaser et al., 2011; Schutte and Malouff, 2014a;
tarkweather et al., 2014) and adverse childhood experiences
Moffitt, 2012; Price et al., 2013; Shalev et al., 2013; Starkweather
t al., 2014; Tyrka et al., 2010), both of which are common in
ndividuals with psychatric illness and may  confound data interpre-
ation. Our review strategy started with MedLine searches (through
anuary, 2015) for articles containing the key words “telomeres”
r “telomerase” along with any of the following key words:
depression,” “depressive”, “bipolar”, “mania”, “manic”, “anxi-
ty”, “obsessive”, “compulsive”, “panic”, “phobia”, “post-traumatic
tress”, “psychosis”, “psychotic”, or “schizophrenia”. The relevant
rticles were reviewed for design, study population and control
roup, means of diagnostic assessment, sample size and demo-
raphics, telomere assay methodology, main findings, effect sizes
nd possible confounds, although this is not meant to be a formal
eta-analysis. We  primarily focused on studies that used struc-

ured diagnoses to characterize their participants (e.g., categorical
iagnoses from the DSM (APA, 2013)), since these presumably yield
reater diagnostic reliability, have minimum criteria for specific
ymptoms and for duration of symptoms, and have criteria for
unctional impairment, compared to studies characterizing their
articipants only by dimensional scales of recent symptom sever-

ty. However, where applicable, we briefly review the latter group
f studies in the text of this review, but they are not included in the
ummary tables.

.2. Major depressive disorder

Major depressive disorder (MDD) has been considered a syn-
rome of “premature aging” (Heuser, 2002), and this notion has
een reiterated in several recent reviews (Kinser and Lyon, 2013;
uca et al., 2013; Wolkowitz et al., 2011b). Further, MDD  has been
ssociated with neuroanatomic/neurodevelopmental as well as
rain transcriptome evidence of accelerated brain aging (Douillard-
uilloux et al., 2013; Koutsouleris et al., 2014). Simon et al. (2006)
ere the first to examine LTL in a combined group of chronically

ll mood disorder subjects. Fifteen of them had MDD  without any
omorbid anxiety disorders; the remainder had bipolar disorder
ith or without anxiety disorders. The mean LTL of the entire mood
isorder group was 660 base pairs (bp) shorter than in healthy con-
rols. In the MDD  group alone, mean LTL was 770 bp shorter than
n healthy controls. According to the authors’ calculations, this rep-
esents a very large effect, representing approximately 10 years of
ccelerated cellular aging in the combined mood disorder group.
hile ground-breaking, this study had certain limitations, includ-

ng lack of structured diagnostic interviews in the controls and lack
f information regarding several potential confounds, including
urrent and historical medication use. In the largest longitudinal
linical cohort study to date (the Netherlands Study of Depres-
ion and Anxiety; NESDA), currently depressed and remitted MDD
roups both showed significantly shorter LTL than the healthy con-
rols, whereas LTL in the currently depressed and remitted MDD
roups did not significantly differ from each other (Verhoeven
t al., 2014a). The difference in LTL between the depressed groups
nd the control group persisted after co-varying for age, sex, edu-
ation, alcohol use, BMI, symptom duration, depression severity,
o-morbid anxiety and alcohol dependence disorders, somatic dis-
ases, and exercise. In the currently depressed subjects, LTL was
nversely associated with severity of depression and with the
uration of depression over the preceding four years (although

onger-term depressive history was not available), suggesting a

dose–response” relationship (see below in Sections 2 and 3). The
ack of difference in LTL between active and remitted depressed
ubjects suggested to the authors that MDD  episodes leave a last-
ng “imprint” on LTL (Verhoeven et al., 2014a,b). However, it is not
avioral Reviews 55 (2015) 333–364 337

possible to rule out the possibility that LTL is already short before
the first depressive episode, perhaps even representing a risk fac-
tor. This possibility is supported by a study by Gotlib et al. (2014) in
which they measured LTL of girls at risk for depression (due to hav-
ing mothers with depression) and in girls at lower risk and found
shorter LTL in the girls at risk for depression.

The “dose–response” hypothesis is supported by the longitudi-
nal study of Shalev et al. (2014), which found, in men, that duration
of “internalizing disorders” (including MDD) between the ages of
11–38 years old predicted LTL at age 38 years, in a dose–response
manner. Three other studies did not support this “dose–response”
hypothesis, although they do not appear to have had accurate meas-
ures of cumulative exposure to the disorder in years. Jodczyk et al.
(2014) reported that diagnoses of MDD  between age 16 and 25 did
not predict shorter LTL at age 28–30. Hoen et al. (2011) found, in
a large cohort of patients with coronary heart disease, that base-
line MDD  did not predict LTL five years later, although it is possible
that the association of coronary heart disease with LTL obscured an
association with MDD. In another report, Hoen et al. (2013), found
that baseline anxiety disorders in a population-based sample, but
not depressive disorders, predicted LTL two  years later.

In total, 11 studies have investigated LTL in MDD  (Table 1). Of
these, seven found significantly shorter LTL in currently depressed
individuals (or in individuals with mixed mood disorders includ-
ing MDD) compared to controls (Garcia-Rizo et al., 2013; Hartmann
et al., 2010; Hoen et al., 2011; Lung et al., 2007; Simon et al., 2006;
Verhoeven et al., 2014a; Wikgren et al., 2012b), while four did
not (Needham et al., 2014; Schaakxs et al., 2015; Teyssier et al.,
2012; Wolkowitz et al., 2011a). Of studies having greater than 40
depressed subjects, all except two  (Needham et al., 2014; Schaakxs
et al., 2015) found significantly shorter LTL in MDD  (Hartmann
et al., 2010; Hoen et al., 2011; Lung et al., 2007; Simon et al., 2006;
Verhoeven et al., 2014a; Wikgren et al., 2012b).

Four studies found no significant difference in LTL in MDD.
One of these studies (Schaakxs et al., 2015) was exclusively in
late-life depression, and the authors (who had previously found
significantly shorter LTL in a younger MDD  population (Verhoeven
et al., 2014a)), hypothesized that their negative finding might be
due to the larger heterogeneity of late-life depression (including
vascular pathologies), the cumulative lifetime occurrence of other
LTL-shortening factors possibly overriding the effects of MDD  on
LTL, and the possibility of premature loss to the study of elderly
depressed individuals with advanced cell aging, who may have
already died (Schaakxs et al., 2015). Somewhat arguing against this
latter explanation, a study in anxiety disorder subjects (reviewed
below in Section 2.5) found significant LTL shortening only in
older subjects (ages 48–87 years old) (Kananen et al., 2010). The
negative study by Needham et al. (2014) found that individuals
with MDD  who were receiving antidepressants did have signif-
icantly shorter LTL than controls, but depressed individuals not
taking antidepressants did not, and the authors speculated that
the former group may  have had more serious depressions that
required medication treatment. A small-scale negative study (17
MDD and 16 controls) found no significant difference between sub-
jects with MDD  and controls, although the MDD  sample was largely
comprised of recently diagnosed subjects whose current episodes
were all less than six months (Teyssier et al., 2012). Despite find-
ing no difference in mean LTL, however, the latter study did find
increased expression of p16INK4a and stathmin (STMN1) genes in
the depressed sample, which are markers of cellular senescence,
telomere dysfunction, microtubule dynamics and biological aging,
and are regulators of cell cycle dynamics (Teyssier et al., 2012).

The remaining small-scale study that did not find overall differ-
ences in LTL between 18 individuals with MDD  and 17 controls,
did find, in an exploratory analysis, significantly shorter LTL in
the more chronically depressed individuals (above the median
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Table 1
Studies of leukocyte telomere length in major depressive disorder (MDD).

Reference Study population
diagnosis; (method of
diagnostic assessment)

Sample size:
psychiatric
sub-
jects/healthy
controls (%
female)

Mean age (yrs):
psychiatric
sub-
jects/healthy
controls

Mean duration
of  illness in
psychiatric
subjects (yrs)

Mean telomere length;
psychiatric
subjects/healthy
controls (telomere
assay method)

Effect size:
Cohen’s d

Main findings Co-morbidity Notes and limitations

Simon et al.
(2006)

Chronic MDD/BD with
or  without anxiety
disorder (patients by
SCID-DSM-IV; controls
by simple questioning)

44 (48%)/44
(43%)

51/51 32 6.98/7.64 (kb)

(Southern blot)

0.73 Shorter LTL in
mood disorders

Psychiatric: Chronic
MDD/BD with or
without Anxiety
Disorder

Somatic: Excluded “all
active diseases”

Analyses reported on the
combined mood disorder
group, not the MDD  sample
alone. No data were given
regarding possible associations
between telomere length and
duration of illness. DNA  was
collected from banked samples
collected for other studies, and
the MDD  and control subjects’
DNA may  have derived from
different DNA repositories. The
authors did not have data to
control for trauma, stressful life
events, socioeconomic status,
obesity, medications, or stress
levels. No structured diagnostic
interviews were conducted for
the control subjects – some
subjects with mood disorders
may  have been included in the
control group, according to the
authors. Subjects were
primarily Caucasian.

Lung et al.
(2007)

MDD  (patients by
SCID-DSM-IV; controls
by undocumented
method)

253 (64%)/411
(57%)

44/45 Unknown 8.17/9.13 kbp

(Southern blot)

0.78 Shorter LTL in
MDD

Psychiatric: None

Somatic: not reported

The sample was not
characterized with regards to
number of depressive episodes
or  duration of illness. No data
on medications or somatic
co-morbidity.
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Hartmann et al.
(2010)

MDD  inpatients
(patients by DSM-IV;
controls by
undocumented
method)

54 (61%)/20
(45%)

49/49 15 7.20/7.55 (kb)

(Southern blot)

0.59 Shorter LTL in
MDD

Psychiatric: This study
excluded subjects with
manic, mixed or
hypomanic episodes,
schizoaffective or
dysthymic disorders,
and dementia. But they
did include patients
with other
(unspecified)
psychiatric disorders.
Somatic: This study
included subjects with
neurological, and
(unspecified) somatic
disorders and patients
with substance abuse
in the past

No significant correlations
between LTL and duration of
illness, number of hospital
stays, severity of depressive
symptoms or current
antidepressant doses. None of
the subjects were untreated
(medication or ECT) at the time
of study. Duration of illness
was defined as length of time
from anamnestic onset until
blood sampling without
excluding intervening periods
of euthymia. The authors did
not control for potential
confounds such as obesity,
stress, socioeconomic status,
somatic disorders. Past
substance abuse or other
psychiatric diagnoses (except
for manic/hypomanic/mixed
episodes, schizoaffective
syndrome, dysthymia, and
dementia) were not exclusion
criteria. All patients were
inpatients, and all were
Caucasian.

Hoen et al.
(2011)

MDD  in outpatients
with stable CHD
(MDD by
CDIS-IV-DSM-IV.
Controls had stable
coronary heart disease
without current MDD.
Past history of MDD
was  not assessed in
cases or controls)

206 (31%)/746
(15%)

62/68 Unknown 0.86/0.90 (T/S)

(Q-PCR)

0.15 Significantly
shorter LTL in
MDD,
controlling for
age and sex;
trend after
controlling for
additional
covariates

Psychiatric:
Approximately 1/3 (in
both groups) used
alcohol on a regular
basis.
Somatic: Subjects had a
history of myocardial
infarction or coronary
revascularization,
angiographic evidence
of at least 50% stenosis
in at least one coronary
vessel, or a diagnosis of
CHD. Exclusion was a
history of myocardial
infraction in past 6
months, unable to walk
one block

The study sample was
comprised of stable coronary
heart disease patients and
mainly older men, which may
limit generalizability. The
association between LTL and
depression may have been
confounded by greater cardiac
disease severity in the
depression group, per the
authors. The sample had
relatively low depression
severity. When full covariates
were entered, LTL difference
just missed significance
(p = 0.06).
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Table 1 (Continued)

Reference Study population
diagnosis; (method of
diagnostic assessment)

Sample size:
psychiatric
sub-
jects/healthy
controls (%
female)

Mean age (yrs):
psychiatric
sub-
jects/healthy
controls

Mean duration
of  illness in
psychiatric
subjects (yrs)

Mean telomere length;
psychiatric
subjects/healthy
controls (telomere
assay method)

Effect size:
Cohen’s d

Main findings Co-morbidity Notes and limitations

Wolkowitz
et al. (2011a)

MDD, unmedicated
outpatients (patients
and controls by
SCID-DSM-IV)

18 (67%)/17
(65%)

37/37 13 5101/5141 (bp)

(Q-PCR)

0.11 No difference
in LTL across all
MDD  subjects.
Shorter LTL
was  observed
in MDD
subjects with
more chronic
MDD  (those
with lifetime
depression
exposure
greater than
the median for
the sample)

Psychiatric: No
psychiatric
co-morbidity except
for co-morbid anxiety
disorders (except
PTSD) when MDD  was
considered the primary
diagnosis. 39% of MDD
subjects had co-morbid
anxiety disorder.
Somatic: no
uncontrolled medical
illness; no illnesses or
medications that could
affect variables. Free of
psychiatric medication
for at least 6 weeks

LTL was inversely correlated
with lifetime days of untreated
depression. LTL was inversely
correlated with peripheral
inflammatory cytokines and
oxidative stress markers. Mean
duration of illness was defined
as  lifetime years of active
depression, excluding
intervening periods of
euthymia. The study had a
relatively small sample size.

Wikgren et al.
(2012b)

MDD, “severe
depression phenotype”
(patients by
DIGS/FIGS-DSM-IV).
90% had melancholia

91 (60%)/451
(50%)

60/59 28 5261/5538 (bp)
(Q-PCR)

0.40 Shorter LTL in
MDD

Psychiatric: Bipolar
disorders, dysthymia,
substance abuse,
alcohol abuse, organic
brain disorder,
neurologic disorder,
PTSD and anxiety
disorder were
excluded.

Somatic: Not reported

LTL was not significantly
related to basal cortisol levels
but was directly correlated
with post-dexamethasone
cortisol levels. This was
interpreted as short LTL being
associated with overly
sensitive HPA axis negative
feedback and with
hypocortisolism. LTL was not
significantly correlated with
duration or severity of
depression Duration of illness
was defined as time from
anamnestic onset until the
time of blood collection.
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Teyssier et al.
(2012)

MDD  patients by
SCID-DSM-IV and
MINI)

17 (100%)/16
(100%)

40/38 12 of the MDD
subjects were
first episode.
Mean duration:
11.4 years,
range 0–32
years)

13.42/13.60 (mean Ct)

(Q-PCR)

0.58 No significant
difference in
LTL.

Psychiatric: Comorbid
psychiatric disorders
were excluded, except
for “anxiety
symptoms”
Somatic: Somatic
pathology was
excluded, especially
cardiovascular and
metabolic

In MDD  subjects, there was
increased expression of
p16INK4a and stathmin (STMN1)
genes, which are associated
with telomere dysfunction, cell
senescence, microtubule
dynamics, biological aging and
regulation of cell cycle
dynamics. Moreover, MDD
subjects displayed increased
expression of OGG1, a
DNA/telomere oxidative
damage-repairing enzyme,
consistent with exposure to
oxidative stress. Small sample.
All female, all Caucasian, most
were relatively recent onset
depressive episode (<6 months
in all cases). No subjects
reported early life stress, but
this was not systematically
assessed. 70% received
antidepressant medication.

Garcia-Rizo
et al. (2013)

MDD,
medication-naïve
(patients and controls
by SCID-DSM-IV)

9/48 (unknown
gender
distribution
but reported as
“similar”)

Unknown for
the subset in
which
telomere data
were available.
In the entire
study: 31/28

Unknown, all
subjects were
newly
diagnosed

89.0/103.7 (telomere
content)

(Fluorimetric assay)

0.98 Lower
telomere
content in
MDD  compared
to controls

Psychiatric: MDD
subjects had no other
axis 1 disorders
Somatic: no history of
diabetes or other
conditions associated
with glucose
intolerance or insulin
resistance

MDD subjects were first
episode, medication-naïve.
Homogeneous sample of
middle/upper class subjects.
Very small MDD sample.
Important information such as
age, sex, symptom severity
were not reported.

Verhoeven
et al. (2014a)

MDD  patients from the
Netherlands Study of
Depression and
Anxiety (NESDA),
longitudinal cohort
study (MDD by
CIDI-DSM-IV)

1095 current
MDD (67%
women) + 802
remitted MDD
(70%
women)/510
controls (60%
women)

41 (current
MDD)/44
(remitted
MDD)/41
(controls)

Remitted MDD:
11 months of
depression
during the past
4–5 years.
Current MDD:
21 months
during the past
4–5 years

5474 (current
MDD)/5433 (remitted
MDD)/5553 (controls)
(bp)

(Q-PCR)

0.13 (current
MDD vs
controls)

0.14 (remitted
MDD vs
controls)

Shorter LTL in
current and
remitted MDD
compared to
controls

Psychiatric: Other
severe psychiatric
conditions, such as
bipolar disorder,
obsessive–compulsive
disorder, severe
substance use disorder
or psychotic disorder
were excluded.

Somatic: Between 33%
(controls) and 46%
(current MDD) had at
least one comorbid
somatic disorder

LTL was similar in current and
remitted MDD. The number of
years in remission and the
current use of antidepressants
were not correlated with TL.
Within the current MDD
subjects, both higher
depression severity and longer
symptom duration (in the past
4–5 years) were associated
with shorter LTL. Group
differences were significant
even after adjusting for
somatic co-morbidity.
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Table 1 (Continued)

Reference Study population
diagnosis; (method of
diagnostic assessment)

Sample size:
psychiatric
sub-
jects/healthy
controls (%
female)

Mean age (yrs):
psychiatric
sub-
jects/healthy
controls

Mean duration
of  illness in
psychiatric
subjects (yrs)

Mean telomere length;
psychiatric
subjects/healthy
controls (telomere
assay method)

Effect size:
Cohen’s d

Main findings Co-morbidity Notes and limitations

Needham et al.
(2014)

MDD  (Composite
International
Diagnostic inventory)

75 MDD
(58.6%a)/966
controls
(56.0%)

30.3a/29.2 Not reported 1.12/1.14 (T/S)
(Q-PCR)

0.06 No overall
group effect on
LTL, but among
subjects taking
antidepres-
sants, those
with MDD  had
shorter LTL
than controls

Psychiatric: Significant
co-morbidity with
anxiety disorders.
Somatic:No
information regarding
somatic co-morbidity
or substance abuse

Relatively young sample (age
range 20–39 years, mean of
approximately 30 years). The
study oversampled for low
income and Mexican American
and African American
participants. There was along
duration between DNA
extraction and analyses.

Shalev et al.
(2014)

Longitudinal study in a
complete birth cohort
(the Dunedin
Multidisciplinary
Development Study).
Subjects had
“internalizing
disorders” including
MDD, generalized
anxiety disorder and
PTSD. Subjects were
combined due to high
co-morbidity of these
diagnoses. Diagnoses
by the Diagnostic
Interview Schedule for
Children and life
history calendars

Analysis plan
1: Internalizing
disorder from
age 11 to 38:
455 (58%)/372
(65%) Number
of MDD  not
specified.
Analysis plan
2: Internalizing
disorder
between age 26
and 38: 234
(58%)/524
(45%) 193 had
MDD

Longitudinal
study from 11
to 38 years old

Not reported Estimated from graphs
in (T/S, PCR).
Analysis 1 (based on
phases of internalizing
disorder): 0 phases
(men = 1.075,
women = 1.09), 1 phase
(men = 1.03,
women = 1.08), 2
phases (men = 1.0,
women = 1.0), 3 phases
(men = 0.98,
women = 1.0), 4 phases
(men = 0.9,
women = 1.14), 5+
phases (men = 0.78,
women = 1.03)

Analysis 2: No
diagnosis (men = 1.05,
women = 1.05), any
diagnosis (men = 0.97,
women = 1.035), MDD
(men = 0.97,
women = 1.025), GAD
(men = 0.94,
women = 1.045), PTSD
(men = 0.98,
women = 1.05)

Insufficient
information

The persistence
of
“internalizing
disorder”
diagnoses
between ages
11 and 38
predicted
shorter LTL at
age 38 in a
dose–response
manner in
men, but not in
women. LTL
assessed at
ages 26 and 38
showed an
accelerated
rate of LTL
shortening in
men  (but not
women) with
“internalizing
disorder”
diagnoses in
the interim

Psychiatric: High
co-morbidity between
different internalizing
disorders although
exact numbers are not
given.
Somatic:Approximately
75% had exceeded
clinical cut-off for one
or more of the
following physical
health indicators:
Metabolic
abnormalities,
cardiorespiratory
fitness, pulmonary
function, periodontal
disease, and systemic
inflammation

The sample was primarily
Caucasian – limited
generalizability?
Approximately 1/3 took
psychiatric medications
There was no information on
other treatments.
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cumulative duration of active MDD  of 9.2 years) (Wolkowitz et al.,
2011a). Across the MDD  group, lifetime untreated depression dura-
tion was significantly inversely correlated with LTL, consistent with
a “dose–response” relationship, although the pilot sample size was
too small too draw meaningful conclusions.

The studies on LTL in MDD  are summarized in Table 1, where
it is seen that the effect sizes for group differences in LTL ranged
from 0.04 to 0.98 (mean Cohen’s d = 0.41; weighted mean Cohen’s
d = 0.23). The smallest effect size was seen in the study of late-life
depression (Schaakxs et al., 2015).

Among the studies examining the relationship of LTL to dimen-
sional depression ratings in the absence of specific MDD  diagnosis,
three studies found significant correlations or between-group dif-
ferences (Hassett et al., 2012; Karabatsiakis et al., 2014; Liu et al.,
2014). Hassett et al. (2012) found significant correlations between
LTL and depression ratings but not an overall between-group differ-
ence in LTL. Twelve studies did not report significant results (Canela
et al., 2007; Epel et al., 2013; Georgin-Lavialle et al., 2013; Huzen
et al., 2010; Ladwig et al., 2013; Lin et al., 2015; Parks et al., 2009;
Phillips et al., 2013; Rius-Ottenheim et al., 2012; Shaffer et al., 2012;
Surtees et al., 2011; Yen and Lung, 2013). The reasons for overall
difference between the studies using categorical diagnostic inclu-
sion criteria vs. those using dimensional symptom ratings are not
known, but could be due to the use of only short-term symptom
rating scales (generally 1–2 weeks), lack of illness duration or sever-
ity requirements, lack of functional impairment requirements and
generally including subjects with milder symptomatology in the
dimensional depression studies. Cumulatively, the bulk of evidence
suggests that LTL is decreased in individuals with full syndromal
diagnoses of MDD, especially in those with more chronic or severe
depression, although the effect size is small.

2.3. Bipolar disorder

Bipolar disorder (BD) may  also be characterized by “acceler-
ated aging” (Rizzo et al., 2014; Sodhi et al., 2012; Yatham et al.,
2009 (but see Gildengers et al., 2013)). Six studies have exam-
ined LTL in BD subjects (type I, type II or rapid cycling) (Table 2).
Elvsåshagen et al. (2011) found the percentage of telomeres shorter
than 3000 bp (“short telomeres”) was  increased in BD type II sub-
jects (p = 0.04) and a trend for shortened absolute LTL in the BD type
II subjects (p = 0.08), although those statistical tests were one-tailed
and would not be considered statistically significant by two-tailed
criteria. The rationale for defining “short telomeres” as <3000 bp
was somewhat unclear but would be consistent with subsequent
accurate telomere measurements in human lymphocytes using the
“STELA” technique that suggest that the telomeric DNA length can-
not fall below about 3800 bp without causing telomeric instability
(Lin et al., 2010). Elvsåshagen et al. (2011) found that the total
lifetime number of depressive episodes (corrected for age), but
not hypomanic episodes, was  significantly correlated with the per-
centage of telomeres shorter than 3000 bp (by two tailed criteria),
consistent with a “dose–response” relationship with depression.
Rizzo et al. (2013) found significantly shorter PBMC TL in euthymic
women with BD type I (men were not studied). In that study,
IgG antibodies to cytomegalovirus (CMV) were significantly ele-
vated in the BD group, and these levels were inversely correlated
with LTL, suggesting that exposure to this virus might have played
a role in immunosenescence and telomere shortening in the BD
group. Years of bipolar illness (corrected for age) were not sig-
nificantly correlated with LTL. Martinsson et al. (2013) reported
significantly increased LTL in lithium-treated BD subjects compared

to controls. The cumulative amount of time receiving lithium over
the preceding 30 months was  associated with increased LTL, and
lithium responders had longer LTL than lithium non-responders.
The authors suggested that lithium may  exert a protective effect
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Table 2
Studies on telomere length (TL) in subjects with psychiatric disorders other than MDD.

Reference Study
population
(diagnostic
method)

Sample size:
psychiatric
sub-
jects/healthy
controls (%
female)

Mean age (yrs):
psychiatric
sub-
jects/healthy
controls

Mean duration
of illness in
psychiatric
subjects (yrs)

Mean telomere
length:
psychiatric
sub-
jects/healthy
controls
(telomere
assay method)

Effect size:
Cohen’s d

Main findings Co-morbidity Notes and limitations

Bipolar disorder (BD)
Simon et al.

(2006)
BD with or
without
concurrent
anxiety
disorder (SCID)

Total sample:
44/44 total. Of
these, 15 had
MDD  (53%
female), 15 had
BD with a
concurrent
anxiety
disorder (47%
female), and 14
had BD with no
anxiety
disorders (43%
female). In the
control group
there were 43%
female

BD + anxiety:
51.6/All
controls: 50.5

BD alone:
51.5/All
controls: 50.5

BD + anxiety:
33.5 ± 6.3

BD alone:
36.7 ± 11.8

BD + anxiety:
7100 ± 860 bp

BD alone:
6960 ± 810 bp

Controls (all):
7640 ± 1100 bp

(Southern blot)

0.55
(BD + anxiety vs
controls)

0.70 (BD alone
vs controls)

Across all
mood disorder
subjects, LTL
was
significantly
shorter than in
controls
(individual
mood disorder
groups not
reported
separately)

Psychiatric: Chronic
MDD/BD with or without
anxiety disorder

Somatic:Excluded “all
active diseases”

Results are not reported
separately for BD or BD
plus anxiety disorder
groups, so the effects of BD
alone cannot be inferred.
Lifetime psychiatric history
of the controls was
assessed by unstructured
interview. No data on
potential confounders of
lifetime stress exposure,
medication use, subjective
stress levels or BMI. Sample
was primarily Caucasian.

Elvsåshagen
et al. (2011)

BD II,
outpatient
sample. Sixteen
subjects were
euthymic and
12 were mildly
moderately
depressed
(MINI)

28 (68)/28 (68) 35/35 19 (time from
anamnestic
onset until the
time of blood
withdrawal)

Percentage of
“short:
telomeres:
Bipolar II:
15.04%, vs.
Controls:
13.48%.
Telomere
length: BD II:
10,067 bp, vs.
Controls:
10,619 bp

(High-
throughput
quantitative
fluorescence
in situ
hybridization
with
automated
fluorescence)

Insufficient
information to
calculate

The load of
short
telomeres
(<3000 bp) was
significantly
greater in the
bipolar
subjects,
compared to
the controls,
using
one-tailed
testing
(p < 0.04). The
difference in
telomere
length was not
statistically
significant
(p = 0.08,
one-tailed).

Psychiatric: Social phobia
and panic disorder were
frequent comorbid
psychiatric disorders. One
subject met  the criteria for
current alcohol abuse.
Somatic: Neurological and
severe chronic somatic
disorders excluded

Load of short telomeres
was defined as the number
of  telomeres below 3000
base pairs. Significance
tests used one-tailed tests.
Small sample size. No
control for early life stress.
The load of short telomeres
and telomere length were
not significantly correlated
with illness duration
(current age minus age at
onset, including euthymic
periods), but the load of
short telomeres was
significantly positively
correlated with the
number of depressive (but
not hypomanic) episodes.
The number of depressive
episodes was negatively
correlated with telomere
length at trend level
(p  = 0.08).
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Mansour et al.
(2011)

BD I (SCAN). 108/114 24.9 (50%)/27.5
(44%)

Unknown 0.95 ± 0.40/
0.97 ± 0.40
(T/S)
(PCR)

0.05 No significant
differences in
TL between
cases and
controls

No information on
co-morbid conditions,
somatic or psychiatric

Subjects had high rates of
consanguinity, with higher
rates in the cases vs. the
controls. Subjects were
generally younger than
those in the other studies.
No data were available to
co-vary for medications,
comorbid illnesses, BMI,
lifestyle factors or early life
stress.

Rizzo et al.
(2013)

BD I (SCID) 22/17 39.5 (100)/44.6
(100)

9.45 (range
1–25)

0.71 ± 0.20
(T/S) vs.
0.90 ± 0.19
(T/S)

(q-PCR)

0.97 BD subjects
had
significantly
shorter LTL
than controls

Psychiatric: Psychotic
disorders, mood disorders,
anxiety disorder, or
substance-related disorder
were exclusion criteria.

Somatic: Other exclusion
criteria were a history of
brain injury or severe
medical illness or
neurological disorders; use
of substances that might
induce immune or
endocrine changes

The sample was female
only. CMV  IgG levels were
higher in BD subjects than
in  controls. CMV  IgG levels
were associated with
expansion of senescent
CD8+CD28− T cells and
with shorter LTL.

Martinsson
et al. (2013)

BD (SCAN) 202/135 Samples were
matched for
age and sex
(age range
33–77). Mean
age for
psychiatric
sub-
jects/controls
not reported

Not reported
for whole
sample

Exact values
not reported
(Q-PCR)

N/A LTL was
significantly
longer in BD
compared to
controls.
Lithium treated
BD subjects
had longer TL
than controls
(p < 0.0005)

No information on
co-morbid conditions,
somatic or psychiatric

TL correlated significantly
and positively with lithium
treatment duration of >30
months (p = 0.031) and was
negatively associated with
number of depressive
episodes (p < 0.007).
Lithium responders had
significantly longer TL than
lithium non-responders
(p = 0.047). This study did
not control for smoking,
obesity, inflammation and
somatic disorders.
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Table 2 (Continued)

Reference Study
population
(diagnostic
method)

Sample size:
psychiatric
sub-
jects/healthy
controls (%
female)

Mean age (yrs):
psychiatric
sub-
jects/healthy
controls

Mean duration
of illness in
psychiatric
subjects (yrs)

Mean telomere
length:
psychiatric
sub-
jects/healthy
controls
(telomere
assay method)

Effect size:
Cohen’s d

Main findings Co-morbidity Notes and limitations

Lima et al.
(2014)

BD type 1 and
type 2 (MINI
Plus 5.0)

85 (25)/95 (37) 39/38 Information
not available

Absolute values
not given.

(PCR)

0.36 BD subjects
had
significantly
shorter TL than
controls
(p < 0.001). No
significant
difference
between BD
subtype. Short
LTL was
associated with
panic disorder
co-morbidity

Psychiatric: Relatively high
co-morbidity for GAD,
Panic Disorder, Borderline,
Alcoholism, Drug abuse,
Eating disorder, and OCD.

Somatic co-morbidity not
reported

No information regarding
illness duration was
provided. Smoking, BMI,
medication use and
somatic illnesses were not
controlled for.

Psychotic  disorders
Kao et al., 2008

(two
analyses; S1
and S2)

Schizophrenia,
outpatients (13
from cohort A
and 18 from
cohort B.
Cohort A:
SCID
interviews.
Cohort B:
structured
modified
Schedule for
Affective
Disorders and
Schizophrenia
combined with
Structured
Interview for
DSM-III-R
Personality
Disorders and
Diagnostic
Interview for
Genetic
Studies.

S1
(schizophrenia
subjects from
cohorts A and
B):
31(23)/41(32)

S2 (all male
sample
matched or
age, all were
from cohort A):
33(0)/26(0)

The two
analyses were
analyzed
separately in
independent
laboratories
but using same
protocol

S1: 39/26
S2: 36/33

Approximately
20 years

Telomere
length given in
T/S:

S1: 1.14/1.51
S2: 1.09/1.50

(PCR)

1.17 (S1 vs
controls)

0.72 (S2 vs
controls)

Significantly
shorter TL in
schizophrenia
in S1 (p = 0.002)
and S2
(p = 0.008)

No information on
co-morbid conditions,
somatic or psychiatric.

No significant correlations
between current or
lifetime antipsychotic dose
and TL. No information on
co-morbidity (psychiatric
or  somatic) was given, nor
information regarding
health behaviors such as
exercise or smoking.
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Yu et al. (2008) Schizophrenia,
inpatients
(SCID).
Schizophrenia
subjects were
subdivided into
good vs poor
responders for
TL analysis

68/76 38 (78)/38 (72) 16 7.41 + 0.97
(poor respon-
ders)/8.88 0.90
(good
responders)
8.91 + 1.36
(controls)
(Terminal
restriction
fragment
assays were
used)

1.22 (poor
responders vs.
controls). 0.03
(good
responders vs
controls)

Significantly
shorter TL in
schizophrenics
with poor
treatment
response
compared to
controls
(p < 0.001) and
schizophrenia
subjects with
good treatment
response
(p < 0.001).
There was no
significant
difference in TL
between good
responders and
controls
(p > 0.05)

Psychiatric: No DSM-IV
diagnosis of alcohol or
substance abuse or
neurodegenerative
disorder
Somatic: Physically healthy
with normal laboratory
parameters

It is unclear if all
schizophrenia subjects as a
group differed significantly
from controls in terms of
TL. No information was
given on potential
confounders such as
smoking and BMI.

Fernandez-
Egea et al.
(2009)

“Non-affective
psychosis”
(SCID)

41(32)/41(32) 29/28 0 Telomere
content:
93.1%/101.9%
(relative to a
reference DNA
standard

(fluorometric
assay)

N/A Psychotic
patients had
significantly
decreased
telomere
content
compared to
controls
(p = 0.011)

Psychiatric: no lifetime
diagnosis of schizophrenia
or MDD, or a current
diagnosis of adjustment
disorder. Substance abuse
data not reported.

Somatic: no diabetes or
other serious medical or
neurological condition
associated with glucose
intolerance or insulin
resistance

No antipsychotic use 30
days prior to the study. The
participants had maximum
lifetime antipsychotic
exposure of 1 week. Small
sample size. Information
regarding diet and health
behaviors was  not
available.

Mansour et al.
(2011)

Schizophrenia
or
schizoaffective
disorder
(SCAN).

60/60 28.2 (35%)/27.0
(35%)

Unknown 0.89 ± 0.30/0.87 ± 0.26
(T/S)
(PCR)

0.07 No significant
differences in
TL between
cases and
controls

No information on
co-morbid conditions,
somatic or psychiatric

Subjects had high rates of
consanguinuity, with
higher rates in the cases vs.
the controls. Subjects were
generally younger than
those in other studies. No
data were available to
co-vary for medications,
comorbid illnesses, BMI,
lifestyle factors or early life
stress.
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Table 2 (Continued)

Reference Study
population
(diagnostic
method)

Sample size:
psychiatric
sub-
jects/healthy
controls (%
female)

Mean age (yrs):
psychiatric
sub-
jects/healthy
controls

Mean duration
of illness in
psychiatric
subjects (yrs)

Mean telomere
length:
psychiatric
sub-
jects/healthy
controls
(telomere
assay method)

Effect size:
Cohen’s d

Main findings Co-morbidity Notes and limitations

Nieratschker
et al. (2013)

Schizophrenia
(SCID, the
Operational
Criteria
Checklist for
Psychotic
Illness, medical
records, family
history)

539/519 36.9 (44)/39.1
(49)

Not reported Not reported

(q-PCR)

N/A LTL was
significantly
longer in
schizophrenia
subjects than
controls

No information on
co-morbid conditions,
somatic or psychiatric

The authors excluded
outliers more than 3 SD
from the mean, which
resulted in more
schizophrenia subjects
being excluded than
controls. All subjects
received medications,
which the authors suggest
may account for their
findings.

Malaspina et al.
(2014)

Schizophrenia
(DIGS)

53 (40%)/20
(45%)

42/37 Not available Schizophrenia:
males: 1.98 T/S,
females: 1.80;
Controls:
males: 1.92,
females: 1.65
(PCR)

Males: 0.08;
Females: 0.24

No significant
difference in
LTL between
schizophrenic
subjects and
controls or
between males
and females.
No significant
diagno-
sis × gender
interaction

No information on
co-morbid conditions,
somatic or psychiatric.

Small control sample size.
Healthy control group only
verified as having no Axis I
diagnosis for the previous
2 years. Schizophrenia
subjects were on stable
doses of antipsychotic
medication. Schizophrenia
group was significantly
older and had significantly
more current tobacco use
than controls. Paternal age
was positively correlated
with LTL in male cases but
was negatively correlated
with paternal age in female
cases.

Kota et al.
(2015)

Schizophrenia
(DSM-IV).
Unremitted or
remitted

71 (36
unremitted, 35
remitted)
(38%)/73 (53%)

31.7/32.1 5.5 Schizophrenia:
0.59 T/S
(Remitted:
0.56T/S;
Unremitted:
0.42 T/S);
Controls:
0.85 T/S
(PCR)

Not available Mean LTL
shorter in
schizophrenia
compared to
controls. This
difference was
significant in
the unremitted
schizophrenia
subjects but
not in the
remitted ones

No information on
co-morbid conditions,
somatic or psychiatric

Schizophrenia subjects had
been treated with
antipsychotic medication
for at least six months
before blood sampling.
Analyses controlled for age
and sex but not for tobacco
use.
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Anxiety disorders
Kananen et al.

(2010)
Anxiety
disorders and
“sub-
threshold”
disorders
(Including
Panic disorder,
Generalized
Anxiety
Disorder, Social
Phobia,
Agoraphobia,
and Phobia Not
Otherwise
Specified).
Diagnoses
were
determined
with the
Munich
Composite
International
Diagnostic
Interview

321(63)/653
(64)

50/50 Not reported Not reported

(Q-PCR)

Not available No significant
differences in
TL between
cases and
controls in the
entire sample.
Significant
difference in TL
between cases
and controls
only in
individuals >48
years
(p = 0.013)

Psychiatric: 28% of the
anxiety disorder subjects
had concurrent MDD
diagnosis. Comorbid
alcohol use disorder in 22%
of cases.

Somatic: Frequency of
somatic co-morbidity was
not reported

LTL was significantly
associated with childhood
adversities but not with
current perceived stress,
psychiatric co-morbidity,
or the use of psychotropic
medication. Psychiatric
diagnoses were only
obtained for the preceding
12 months.

Hoen et al.
(2013)

Mixed anxiety
disorders
(panic disorder,
GAD, social
phobia,
agoraphobia);
Mixed
depressive
disorders
(MDD and
dysthymia)
(CIDI,
self-report
computerized)

Anxiety
disorders: 108
(63%)/970
(53%)
Depressive
disorders: 97
(64%)/980
(53%)

Anxiety
disorders:
52/54
Depressive
disorders:
51/54

Not reported Not reported
(PCR)

Not available The presence of
an anxiety
disorder
diagnosis
(panic disorder,
agoraphobia or
social phobia,
but not GAD)
over the
preceding year
significantly
predicted
shorter LTL 2.2
years later.
Depressive
disorder
diagnoses did
not
significantly
predict LTL

Psychiatric: 3.3% of all
subjects had both an
anxiety and a depressive
disorder.

Somatic:The study was
performed in a cohort
investigating risk factors
for renal and
cardiovascular disease. The
cohort was oversampled
for albuminuria

This was a longitudinal
study. Diagnoses were
heterogeneous, and the
depressive disorder group
included dysthymia.
Diagnoses were not based
on clinician interview and
were based on a one year
window; therefore controls
may have had psychiatric
diagnoses prior to that one
year period. Diagnosis and
LTL measurement were not
contemporaneous
(separated by an average of
2.2 years). Psychiatric
patients were from a
general population, and
may have been of mild
severity.
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Table 2 (Continued)

Reference Study
population
(diagnostic
method)

Sample size:
psychiatric
sub-
jects/healthy
controls (%
female)

Mean age (yrs):
psychiatric
sub-
jects/healthy
controls

Mean duration
of illness in
psychiatric
subjects (yrs)

Mean telomere
length:
psychiatric
sub-
jects/healthy
controls
(telomere
assay method)

Effect size:
Cohen’s d

Main findings Co-morbidity Notes and limitations

O’Donovan
et al. (2011a)

PTSD (SCID and
CAPS)

42/46 30 (48%)/31
(54%)

>3 months 6594 ± 528.1
bp/6798 ± 528.3
bp

(q-PCR)

0.39 LTL
significantly
shorter in
PTSD, but this
was accounted
for by the
significant
correlation
between
cumulative
exposure to
childhood
trauma, which
was seen only
in the PTSD
group

Psychiatric: Exclusion
criteria included alcohol
abuse or dependence in the
previous 2 years; substance
abuse or dependence in the
previous year; any
psychiatric disorder with
psychotic features; bipolar
disorder or
obsessive-compulsive
disorder; and pregnancy.

Somatic: Medically healthy
and medication-free.
Exclusion criteria included
neurologic disorders or
systemic illness; use of
psychiatric, anticonvulsant,
antihypertensive,
sympathomimetic,
estrogen replacement
therapy, steroidal, statin or
other prescription
medications; obesity
(BMI > 30)

The control sample lacked
individuals with childhood
trauma, leaving
unanswered the question
of whether PTSD or
childhood trauma
accounted for the shorter
LTL.

Ladwig et al.
(2013)

PTSD (partial
and full),
post-traumatic
diagnostic
scale; impact of
event scale

Partial PTSD:
262; Full PTSD:
51; Controls:
2687

Partial PTSD:
52.5 (61.8%);
Full PTSD: 54.5
(62.7%);
Controls: 56.5
(50.5%)

Not reported Partial PTSD:
1.85 + 0.29 T/S
Full PTSD:
1.78 + 0.29 T/S
Controls:
1.85 ± 0.33 T/S
(PCR)

0.0 (partial
PTSD vs
controls)

0.23 (full PTSD
vs controls)

Although raw
TL values were
nearly
identical, both
PTSD groups
had
significantly
shorter TL than
controls when
age was
co-varied

Psychiatric: Between 17%
(no PTSD) and 24% (full
PTSD) had high alcohol
consumption.
Somatic: History of MI,
diabetes, stroke, or cancer
between 17% (no PTSD)
and 23% (partial PTSD).
Hypertension between 24%
(partial PTSD) and 32% (no
PTSD)

Age-adjusted “full PTSD”
had shorter TL than
age-adjusted subjects with
“partial PTSD,” but the
statistical significance of
this difference was not
reported. Controlling for
depressive symptoms
(PHQ-9) did not alter the
main findings.

Zhang et al.
(2014)

“Probable
PTSD” in US
Army Special
Operations
Units
(self-report PCL
and Life Events
Checklist)

84/566. An
age-matched
control group
(N = 84) was
also compared
to the PTSD
group

29.2 ± 7.3 (not
separated by
group) (12.9%)

Not reported Nor reported
(PCR)

N/A Significantly
shorter LTL in
PTSD vs.
controls

No information on
co-morbid conditions,
somatic or psychiatric

Analyses did not co-vary
for age, sex, BMI, and
tobacco use, but the
significant LTL finding
remained in an
age-matched sub-sample.
Duration of illness was not
reported. Scant details
were provided about the
subjects. Childhood trauma
was not correlated with
LTL.
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Needham et al.
(2014)

General
Anxiety
Disorder, and
Panic Disorder
(Composite
International
Diagnostic
Interview)

52 (55.7a)/952
(56.6)

30.0a/29.3 Not reported 1.12a/1.14 (T/S
ratio)

Q-PCR

0.06 No overall
significant
difference
between
groups.
However,
females with
GAD or panic
disorder had
shorter TL than
the controls

Psychiatric: Significant
co-morbidity with MDD
Somatic: No information
regarding somatic
co-morbidity or substance
abuse

Relatively young sample (age
range 20–39 years, mean of
approximately 30 years). The
study oversampled for low
income and Mexican
American and African
American participants. There
was along duration between
DNA extraction and analyses.

Verhoeven
et al. (2015)

NESDA;
DSM-IV
Included:
panic ± agoraphobia,
social phobia,
GAD and
agoraphobia.
Excluded: OCD,
PTSD, bipolar,
substance
abuse,
psychosis

128 current
anxiety d/o;
459 remitted
anxiety
d/o/582
controls;
67% female

Mean
41.7 ± 13.1

Range 18–65
y.o.

Not reported 5431 bp
(Current) vs.
5506 bp
(Control); 5499
bp (Remitted)

qPCR

0.12–0.22 Current anxiety
disorder
subjects had
shorter LTL
compared to
controls and to
remitted
anxiety
disorder
subjects.
Remitted
anxiety
disorder
subjects’ LTL
did not differ
from that in
controls

Psychiatric: Excluded
primary diagnosis of other
severe psychiatric
conditions, such as bipolar
disorder,
obsessive–compulsive
disorder, severe
substance use disorder or
psychotic disorder.

Somatic: Somatic disorders
not excluded but covaried
for in the analyses

Lifestyle, health variables and
all demographics were
controlled.
LTL was not associated with
symptom duration in the past
4 years.
The time since remission was
positively correlated with LTL
in the remitted subjects.
Subjects in remission for over
10 years had significantly
longer LTL than subject in
remission for only 6
months–9 years, raising the
possibility (per the authors)
that cellular aging associated
with anxiety disorders may
eventually be reversible.
The anxiety/control
difference in LTL persisted
even after excluding
comorbid MDD  diagnoses.
Among the current anxiety
disorders, panic with
agoraphobia, social phobia
and generalized anxiety
disorder (but not agoraphobia
or panic disorder without
agoraphobia) were associated
with significantly shorter LTL.
Symptom clusters that
correlated with shorter LTL
across the whole sample
included: anxiety arousal,
social phobic symptoms and
worrying.
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Table 2 (Continued)

Reference Study
population
(diagnostic
method)

Sample size:
psychiatric
sub-
jects/healthy
controls (%
female)

Mean age (yrs):
psychiatric
sub-
jects/healthy
controls

Mean duration
of illness in
psychiatric
subjects (yrs)

Mean telomere
length:
psychiatric
sub-
jects/healthy
controls
(telomere
assay method)

Effect size:
Cohen’s d

Main findings Co-morbidity Notes and limitations

Jergovic et al.
(2014)

PTSD, ICD-9 by
MINI. and CAPS

28 combat-
PTSD/17
non-combat-
exposed
controls
Middle-aged
men
(0% female)

45.9 + 1.12/47.2 + 1.7Not reported 0.86 + 0.03/1.03 + 0.04Unknown PTSD,
compared to
age-matched
controls, had
significantly
decreased LTL.

No difference
in PBMC basal
TA

Psychiatric: Only four
patients were without any
comorbid psychiatric
condition, 24 (80%) had
major depression, 13 (43%)
had panic disorder,
9  (30%) had obsessive
compulsive disorder, and 7
(23%) were diagnosed with
social phobia. 65% of
healthy controls and 20% of
PTSD subjects used alcohol.

Somatic: Substance abuse,
acute or chronic physical
illnesses were exclusion
criteria. 60% of the subjects
took NSAID, 10% opioid
analgesics, 10%
hypollipidemics, 10%
antihypertensives, 3%
proton pump inhibitors

PTSD subjects were
described as severely
traumatized in war  and
having had “several forms
of psychiatric treatment
“Many of the PTSD subjects
were taking opioid
analgesics, non-steroidal
anti-inflammatory drugs,
statins, psychotropics, or
anti-hypertensive drugs.
80% of PTSD subjects had
comorbid MDD. MDD  was
accounted for in the
regression models, and the
significant difference in TL
remained.
There was no assessment
of early life adversity.

LTL and TA did not
significantly correlate with
CAPS severity or sub-scales
or with depressive
symptoms.

a This includes subsyndromal anxiety symptoms and DSM verified anxiety disorders.
Abbreviations: BD = bipolar disorder; BMI = body mass index; BP = base pairs; CAPS = Clinician Administered PTSD Scale; CMV  = cytomegalovirus; DIGS = Diagnostic Interview for Genetic Studies; DSM = Diagnostic and Statistical
Manual  of Mental Disorders; GAD = generalized anxiety disorder; LTL = leukocyte telomere length; MDD = major depressive disorder; MINI = The Mini International Neuropsychiatric Interview; PCR = polymerase chain reaction;
PCL  = PTSD checklist; PBMC = peripheral blood mononuclear cell; PTSD = post-traumatic stress disorder; SCAN = schedule for assessment in neuropsychiatry; SCID = the structural clinical interview for DSM; TA = telomerase activity.
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gainst telomere shortening, especially when therapeutically effi-
acious, and that lithium-induced telomerase activation might be
nvolved, although TA was not measured (Martinsson et al., 2013).
his possibility is further discussed under Section 5.3 (Effects of Psy-
hotropic Medication on Telomerase Activity) below. The different
esults in the Elvsåshagen et al. (2011) and Martinsson et al. (2013)
tudies might, therefore, be explained by lithium treatment. All of
he subjects in the Martinsson et al. study (2013), but only two  of
8 subjects in the Elvsåshagen et al. study (2011), received lithium
reatment. Subjects in the Rizzo et al. (2013) study all received psy-
hotropic medication, which in some subjects included lithium.
ost recently, Lima et al. (2014) corroborated shorter LTL in BD,

lthough they lacked data on duration of illness and medication
reatment. These and the other studies in BD are summarized in
able 2. Overall, the studies of LTL in BD are inconclusive, perhaps
ue to the effects of medication on LTL.

.4. Psychotic disorders

Schizophrenia, like MDD  and BD, may  also be associated with
remature biological aging (Anthes, 2014; Jeste et al., 2011;
irkpatrick et al., 2008; Kochunov et al., 2013; Koutsouleris et al.,
014; Okusaga, 2014; Shivakumar et al., 2014). Seven studies
ave assessed LTL in schizophrenia or other psychotic disorders
Fernandez-Egea et al., 2009; Kao et al., 2008; Kota et al., 2015;

alaspina et al., 2014; Mansour et al., 2011; Nieratschker et al.,
013; Yu et al., 2008) (Table 2). In one study, LTL was  significantly
hortened in individuals with schizophrenia and was  unrelated to
ntipsychotic use or duration of illness (Kao et al., 2008). A poten-
ial limitation of this study was that no information regarding
o-morbidity (somatic or psychiatric) or health behaviors (such
s smoking and exercise) was given. In another study, newly
iagnosed, antipsychotic-naïve individuals with non-affective psy-
hoses also showed shortened LTL (Fernandez-Egea et al., 2009). Yu
t al. (2008) found shorter LTL in individuals with schizophrenia
ho responded poorly to treatment but not in the schizophrenia

roup as a whole. Smoking and BMI  were not examined as potential
onfounds. Similarly, Kota et al. (2015) reported that “unremitted,”
ut not “remitted,” schizophrenia was associated with short LTL
ompared to controls. The three remaining studies failed to detect
hort LTL in schizophrenia. Mansour et al. (2011), studying a rel-
tively young, highly inbred population, found no significant LTL
ifference in schizophrenia vs. controls, but LTL was  confounded
y the extent of inbreeding in the schizophrenia population, and
o data were available regarding comorbid diagnoses, medica-
ions or treatment response. Most recently, Malaspina et al. (2014)
eported no significant difference in LTL between medicated indi-
iduals with schizophrenia compared to controls, but the control
ample size was small, and the psychiatric history of the controls
as assessed only for the preceding two years. The largest study

o date (comprising 539 schizophrenia subjects and 519 controls)
Nieratschker et al., 2013) reported an unexpected increase in LTL in
ndividuals with schizophrenia in comparison to healthy controls,
specially in the younger subjects. A possible confounder is that
n unequal number of “outlier” data points (>3 SD from the mean)
ere excluded from analysis (23 data points from the schizophre-
ia sample and four data points from the control sample). Since all
f the individuals with schizophrenia were receiving psychotropic
edication, the authors suggested a similarity of their findings
ith those of Savolainen et al. (2012) in a mixed inpatient psy-

hiatric sample, which found that telomere lengthening in certain
sychiatric patients may  be moderated by psychotropic medication

sage. This explanation is similar to the finding with lithium treat-
ent reviewed above (Martinsson et al., 2013), although no clinical

tudies have yet directly assessed the effect of psychotropic medi-
ations on LTL. In summary, data on LTL in schizophrenia and other
avioral Reviews 55 (2015) 333–364 353

psychotic disorders are mixed, and it is possible that age, medi-
cation exposure, treatment response, comrbidities and confounds
may  explain some of the variability in findings. Studies in psychotic
disorders are summarized in Table 2.

2.5. Anxiety disorders

In the largest population-based study to date on cell aging
in anxiety disorders, Verhoeven et al. (2015) reported that sub-
jects with current anxiety disorder diagnoses (including panic
with agoraphobia, social phobia and generalized anxiety disorder)
had significantly shorter LTL than controls, even after accounting
for health, demographics, lifestyle factors and concurrent MDD.
Remitted anxiety disorder subjects, however, especially those in
remission for 10 years or more, showed no significant difference
in LTL compared to controls. This differed from this group’s find-
ing, using the same study population, that remitted MDD  was  still
associated with shortened LTL (Verhoeven et al., 2014a), and they
suggested that LTL shortening with anxiety disorders may  be more
reversible than that associated with MDD. Needham et al. (2014)
found, in a large-scale study, that shorter LTL was  significantly asso-
ciated with a diagnosis of generalized anxiety disorder and panic
disorder in women  but not in men. Kananen et al. (2010), found no
overall significant difference in LTL between a mixed group of anxi-
ety disorder subjects (panic disorder, generalized anxiety disorder,
social phobia, agoraphobia and phobia not otherwise specified, plus
cases of “sub-threshold” anxiety disorders not meeting DSM-IV
criteria for anxiety disorder diagnosis) and controls. However, LTL
was significantly shorter among the older anxiety disorder subjects
(48–87 years of age) compared to controls, and the authors sug-
gested that more prolonged exposure to anxiety disorder-related
stress might be needed for accelerated telomere shortening to be
detected (Kananen et al., 2010). It is also possible, however, that
age (as distinct from chronicity) directly interacts with anxiety in
predicting LTL. In their study, sub-threshold cases, not meeting the
full DSM criteria for anxiety disorders, were included to increase
the sample size, which may  also have had an impact on the results.
In a large-scale study, while phobic anxiety was not overall signif-
icantly correlated with LTL, there was evidence of a threshold or
“dose–response” effect, with more severe phobia being associated
with shorter LTL (Okereke et al., 2012). However, phobic anxiety
disorder in this study was rated dimensionally, rather than syndro-
mally per accepted diagnostic standards, and this study, therefore,
is not included in Table 2. This study was also limited by the use of an
all-female sample, the presence of certain severe medical ilnesses
(although the main findings withstood controlling for medical ill-
nesses), and the lack of information regarding illness duration,
illness onset and treatments or the presence of comorbid depres-
sion. In summary, the data are mixed, but the evidence tends to
support LTL shortening in anxiety disorders, especially with more
severe anxiety disorders (meeting full diagnostic criteria) and with
longer exposure to the anxiety disorder. Studies in anxiety disor-
ders are summarized in Table 2.

2.6. Post-traumatic stress disorder (PTSD)

PTSD has been considered to have aspects of “accelerated aging”
(Bremner and Narayan, 1998; Miller and Sadeh, 2014; Moreno-
Villanueva et al., 2013; Torgashov et al., 2013; Yehuda et al., 2005).
One study found significantly shorter LTL in PTSD, but found that
this effect was largely explained by early life stress, which is a risk
factor for developing PTSD (O’Donovan et al., 2011a). In another

study, involving combat deployed soldiers, individuals with PTSD
had significantly shorter LTL compared to combat-deployed sol-
diers without PTSD (Zhang et al., 2014). That study did not detect
a relationship between early life trauma and LTL, although the
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hildhood trauma measure used was brief and non-validated.
otential limitations of the latter study were that the analyses did
ot co-vary for age, sex, BMI, or tobacco use, although the signifi-
ant LTL finding remained in an age-matched sub-sample. Another
tudy reported significantly shorter LTL in individuals with par-
ial and full PTSD (Ladwig et al., 2013). Controlling for comorbid
epressive symptoms did not attenuate the effect of PTSD in that
tudy. A study in men  with severe combat-related PTSD found sig-
ificantly shorter LTL in the men  with PTSD, although the control
roup had no combat exposure, and most subjects were prescribed

 variety of medications and had comorbid diagnoses, making inter-
retation difficult (Jergovic et al., 2014). Apart from these studies
f cross-sectional correlations of PTSD with LTL, a recent longitu-
inal study found that the development of combat-related PTSD
changes in PTSD symptom severity from pre-combat to post-
ombat exposure) was associated with an unexpected lengthening
n LTL (from pre-combat to post-combat exposure), although struc-
ured PTSD diagnostic criteria were not applied, and cross-sectional
ost-combat (as opposed to “change”) data were not reported (Boks
t al., 2015). Therefore, this study is not included in Table 2. In sum-
ary, although the number of studies is small, the existing evidence

ase is consistent with LTL shortening in PTSD, although several
onfounds, especially early life adversity, exist, making conclusions
ifficult. To the extent LTL is decreased in individuals with PTSD,

t remains to be determined whether the telomere shortening is a
irect consequence of PTSD or, rather, if the development of PTSD
nd the shortening of LTL are both the consequence of increased
tress sensitivity of the affected individuals (Zhang et al., 2014) or
f telomere shortening might even represent a risk factor for acquir-
ng PTSD (Malan et al., 2011). Studies in PTSD are summarized in
able 2.

As seen from the above reviews, there are inconsistent reports
f LTL associations with psychiatric illnesses with the strongest evi-
ence seen in MDD. There is a modest preponderance of evidence
uggesting that shorter LTL is seen across these illnesses, although
ethodological differences and, in many cases, small sample sizes

reclude more definitive conclusions. Nonetheless, it is apparent
hat LTL shortening, when it occurs, is not confined to specific
raditional diagnostic categories. Therefore, it is unlikely that LTL

easurement, used alone, will come into clinical practice as a diag-
ostic biomarker, let alone a diagnostic aid in psychiatric diagnoses.
n the other hand, it is possible that LTL may  reflect underlying
athophysiological processes that span traditional diagnoses, e.g.,

nflammation, oxidative stress, lymphocyte proliferation in the face
f chronic antigen presentation, and, perhaps, long-term biologi-
al changes induced by early life adversity. Potential physiologic
echanisms that may  affect LTL are reviewed below in Section 4.

. Is telomere shortening related to the duration and
everity of the psychiatric illness?

To the extent LTL reflects cumulative exposure to inflammation
nd oxidative stress, which are often features accompanying seri-
us mental illnesses (Pandya et al., 2013; Rosenblat et al., 2014;
myth and Lawrie, 2013), longer and/or more severe exposure to
he illnesses might result in accelerated telomere shortening (i.e., a
dose–response” relationship). On the other hand, if LTL shortening
ntedates, or is even a risk factor for, the psychiatric illness (Gotlib
t al., 2014; Malan et al., 2011), there might be a fixed degree of LTL
hortening regardless of the degree of exposure (“premature” as
pposed to “accelerated” telomere shortening). These hypotheses

re not mutually exclusive, and it is possible that susceptible indi-
iduals have shortened telomeres prior to the onset of psychiatric
llness and show further acceleration of telomere shortening with
reater exposure to the illness.
avioral Reviews 55 (2015) 333–364

In the studies reviewed here, the evidence for a “dose–response”
relationship is suggestive but mixed. In the MDD  study by
Verhoeven et al. (2014a), the severity of depression, as well as the
duration of depression over a four-year period, were inversely cor-
related with LTL. Consistent with this, the longitudinal study by
Shalev et al. (2014), found, in men  but not in women, that that
persistence of “internalizing disorders” (including MDD)  between
the ages of 11–38 years old predicted LTL at age 38 years
in a dose–response manner. Also, in a small-scale MDD  study,
Wolkowitz et al. (2011a) found that LTL was  inversely correlated
with lifetime duration of MDD, especially untreated depression.
Finally, in a study in BD, Martinsson et al. (2013) found that the
number of prior depressive episodes, but not the number of prior
manic episodes, was associated with shorter LTL.

On the other hand, Hartmann et al. (2010) did not find a relation-
ship between MDD  chronicity or severity and LTL. In a very small
study, Garcia-Rizo et al. (2013) found decreased telomere con-
tent even in first-episode, never-medicated individuals with MDD
(N = 15). This could either argue against a “dose–response” relation-
ship or could suggest that telomere shortening is seen even early
in the course of MDD, perhaps even preceding the onset of MDD,
but this does not preclude further shortening in a “dose–response”
manner.

The evidence regarding a “dose–response” relationship in anx-
iety disorders is also mixed. In the largest study, Verhoeven et al.
(2015) reported that LTL was inversely proportional to the severity
of anxiety across the entire sample (anxiety subjects and controls)
but was not related to the duration of anxiety over a preceding four-
year period. In another large-scale study, while phobic anxiety was
not significantly correlated with LTL (p = 0.15), there was evidence
of a threshold or “dose–response” effect, with more severe phobia
being associated with shorter LTL (p = 0.02) (Okereke et al., 2012).
Two studies in PTSD, both of which found significant decreases in
LTL in the PTSD subjects, differed in their assessment of whether
a “dose–response” relationship existed. Ladwig et al. (2013), noted
a greater degree of LTL shortening in “full” PTSD than in “partial”
PTSD, representing an estimated five years of accelerated cell aging
in the latter compared to an estimated 10 years in the former.
Although the authors suggested this represents a “dose–response”
effect of PTSD severity on LTL, the LTL differences between “partial”
and “full” PTSD, relative to controls, were not statistcially signifi-
cant. The other study found that LTL was  not significnatly correlated
with the severity of PTSD symptoms (Jergovic et al., 2014).

4. Potential mediators of telomere shortening in
psychiatric illness

4.1. Overview

Biological abnormalities seen in certain psychiatric condi-
tions (e.g., inflammation, oxidative stress and perhaps changes in
steroids or in biogenic amine activity) are associated with, and may
cause, telomere shortening (Wolkowitz et al., 2011a,b). Since such
biochemical abnormalities cut across traditional psychiatric diag-
noses (Pandya et al., 2013; Rosenblat et al., 2014; Smyth and Lawrie,
2013), telomere shortening may  be related to specific biological
processes or endophenotypes more than to specific diagnostic cat-
egories, although this remains to be adequately tested. This could
help explain the inconsistency of LTL findings in specific diagnostic
groups and the heterogeneity of findings among different diagnos-
tic groups. It is also possible that certain psychiatric illnesses and

LTL shortening are related to third factors common to both, rather
than being directly causally related (e.g., poor sleep, poor nutri-
tion, insufficient exercise, cigarette smoking) (Prather et al., 2014;
Puterman and Epel, 2012; Puterman et al., 2015; Shalev et al., 2013).
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ndeed, lifestyle changes that often accompany certain psychiatric
llnesses may  secondarily lead to LTL shortening (Lin et al., 2012;
uterman et al., 2013, 2015). As mentioned above, it is also pos-
ible that short LTL precedes certain psychiatric illnesses, rather
han being a consequence of them, and may  even represent a risk
actor for them (Gotlib et al., 2014; Malan et al., 2011). Such tem-
oral causality is clearer in dyskeratosis congenita, which is caused
y defective telomere maintenance genes, resulting in shortened
elomeres. Patients with dyskeratosis congenita show not only

ultiple somatic signs of premature senescence (Armanios and
lackburn, 2012) but also an increased incidence of neuropsychi-
tric conditions compared to other chronically ill patients (Rackley
t al., 2012).

.2. Inflammation, oxidation and increased cell turnover

Continuing cell division in the absence of adequate TA is a major
ause of shortened telomeres in mitotic cells, such as leukocytes
nd stem/progenitor cells as well as mitotic cells in the brain, such
s microglia and cells in the dentate gyrus and subventricular zone.
n increasingly recognized correlate of shortened LTL is chronic
iral infection, such as cytomegalovirus (CMV), which likely leads
o LTL shortening due to clonal expansion of leukocytes and an
ncreased preponderance of senescent T cells (e.g., CD8+CD28−)
Van de Berg et al., 2010). Two important drivers of LTL shorten-
ng, apart from that resulting from incomplete DNA end replication
n cells undergoing frequent mitoses, are inflammation and oxida-
ive stress (Wolkowitz et al., 2011a; von Zglinicki, 2002), which are
ften increased in certain psychiatric illnesses (Wolkowitz et al.,
011a,b). Thus, even post-mitotic cells, including mature neurons,
an acquire a senescent phenotype if exposed to these conditions
Jurk et al., 2012). Inflammation coupled with increased oxidation
an become mutually reinforcing and may  be especially damag-
ng and likely to foster accelerated cell aging (Rawdin et al., 2013).
he effect of inflammation on LTL is potentially caused by its
ssociation with increased immune cell replication during inflam-
ation, as described above, as well as by pathways leading from

nflammation to oxidation (Rawdin et al., 2013). Pro-inflammatory
ytokine concentrations are inversely correlated with LTL in MDD
Wolkowitz et al., 2011a), in individuals with histories of early
ife stress (Kiecolt-Glaser et al., 2011), and in healthy individuals

ith high C-reactive protein levels or high cumulative inflamma-
ory load (O’Donovan et al., 2011b; Revesz et al., 2013). Oxidative
tress may  have a more intrinsic role in telomere shortening, since
elomeric DNA is particularly sensitive to oxidative damage (von
glinicki, 2002; Wolkowitz et al., 2011b), and since repair of oxida-
ive damage is relatively inefficient in telomeres (De Meyer, 2011;
on Zglinicki, 2002). Oxidative stress markers are inversely corre-
ated with LTL in MDD  (Wolkowitz et al., 2011a) and in healthy
re-menopausal women (Epel et al., 2004).

.3. Stress hormones (cortisol and catecholamines/sympathetic
ervous system activity) and anabolic hormones

Shortened LTL has been associated with increased urinary
atecholamine concentrations or increased sympathetic nervous
ystem activity (Epel et al., 2006; Revesz et al., 2013). Leukocyte
elomere length associations with resting cortisol concentrations
re less clear, with reports of an inverse correlation (Epel et al.,
006) and of no significant correlation (Parks et al., 2009). In
ushing’s syndrome, LTL and cortisol levels were not signifi-
antly related cross-sectionally, but LTL significantly lengthened

fter remission from the active disease (Aulinas et al., 2013a,b,
014). Studies are more, but not always, consistent in showing

nverse relationships between LTL and dynamic aspects of cor-
isol secretion (e.g., waking-associated increases in cortisol or
avioral Reviews 55 (2015) 333–364 355

cortisol responses provoked by psychological stress) (Gotlib et al.,
2014; Kroenke et al., 2011; Revesz et al., 2013; Tomiyama et al.,
2012) as opposed to basal, resting or even circadian cortisol levels.
Individuals with increased inflammation, higher cortisol awaken-
ing responses, and increased heart rates displayed progressively
shorter telomeres as the number of such dysregulations increased
(Revesz et al., 2013). However, short LTL has also been associ-
ated with hypocortisolism in MDD, at least as defined by a high
degree of cortisol suppression after a dexamethasone challenge
(Wikgren et al., 2012b), which the authors propose may  reflect
HPA axis “burnout” due to chronic stress (Wikgren et al., 2012b).
Alternatively, this may  reflect a heightened sensitivity of glucocor-
ticoid receptors, which could result in greater negative feedback
and greater dexamethasone suppression (Raison and Miller, 2003;
Wolkowitz et al., 2011b). Lastly, certain anabolic hormones may  be
related to LTL. Stress-stimulated salivary testosterone levels were
positively correlated with buccal cell TL, but resting, basal and circa-
dian testosterone levels were not (Drury et al., 2014). Also, higher
anabolic/catabolic ratios (higher dehydroepiandrosterone sulfate
and insulin-like growth factor-I levels, along with lower cortisol,
catecholamine and IL-6 levels) in elderly subjects are associated
with relatively longer LTL (Epel, 2009; Vasunilashorn and Cohen,
2014).

4.4. Effect of psychotropic medications on leukocyte telomere
length

Two  studies in MDD  (Verhoeven et al., 2014a; Wikgren et al.,
2012b) and one in BD type II (Elvsåshagen et al., 2011) found no
significant difference in LTL between those who  were currently
receiving psychoactive medication compared to those who  were
not, and one study found no difference between those on high
dose vs. low dose antidepressants (Hartmann et al., 2010). These
findings must be interpreted cautiously, however, since only cur-
rent or recent medication use was  assessed, not the cumulative
duration of prior medication use. Savolainen et al. (2012) reported
that a mixed group of patients who  had had psychiatric illnesses
severe enough to require hospitalization had longer LTL than con-
trols, but only if they had been prescribed psychotropic medication.
This finding is difficult to interpret, however, since patients did not
necessarily have current mental illnesses (patients were included
if they had been psychiatrically hospitalized over approximately
the preceding four decades), since patients were not randomized
to medication, and since there may  have been a survivor selection
bias. As reviewed above, Martinsson et al. (2013) reported signifi-
cantly increased LTL in individuals with BD treated with lithium
compared to controls, and they hypothesized that lithium may
increase TA, but this has not yet been empirically tested in humans.
To our knowledge, only one unpublished study has yet directly
assessed the impact of antipsychotic medication on TL in animals.
Mice, administered atypical antipsychotics for two weeks (from the
age of 8 weeks on) had lengthened hippocampal TL compared to
untreated mice; typical antipsychotic medications did not share
this effect (Toriumi et al., unpublished results).

5. Telomerase activity (TA) in psychiatric illness

5.1. Overview

The ribonucleoprotein enzyme telomerase provides the major
mechanism for telomere preservation and length replenishment

(Armanios and Blackburn, 2012; Chakhparonian and Wellinger,
2003) (Fig. 1). Insufficient TA in dividing or damaged cells reduces
the cell’s ability to restore telomere length, conferring suscepti-
bility to replicative senescence, apoptosis, cell death or genomic
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and decreased expression of TERT (Choi et al., 2008). However, an
in vivo study in male rats showed that extended exposure to unpre-
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nstability, as described above (Fig. 2) (Armanios and Blackburn,
012; Kelly, 2011; Sahin et al., 2011). Most normal human somatic
ells have very little, if any, detectable TA, explaining their suscepti-
ility to finite limits on cellular division. By contrast, germ-lineage
ells, stem cells, progenitor cells, many rapidly dividing cells and
ancerous cells typically have high TA.

Clinical and preclinical studies have demonstrated the impor-
ance of appropriate TA for organismic health and successful aging.
nherited telomerase deficiencies resulting in a two-fold drop in
ene dosage are directly linked to malignancies and several other
iseases in humans (Armanios and Blackburn, 2012). However,
xcessive levels of TA can also be detrimental. Mutations that
ncrease expression of telomerase reverse transcriptase (TERT; the
atalytic subunit of telomerase) by two-fold, cause large increases
n risks of certain cancers (Horn et al., 2013; Huang et al., 2013). This
vidence of a “just right” level of TA highlights the importance of
ts appropriate regulation throughout human life (Zalli et al., 2014).
ndeed, more recent studies have begun examining the ratio of TA
o LTL, since higher ratios, especially in the setting of lower telo-

ere length, may  indicate active cell stress and/or an unsuccessful
ompensatory attempt of telomerase to lengthen or maintain LTL
Brydon et al., 2012; Damjanovic et al., 2007; Jacobs et al., 2014;
roenke et al., 2012; Wolkowitz et al., 2012; Zalli et al., 2014).

Apart from its role in telomere preservation and elongation,
elomerase and TERT may  have significant but poorly understood
oles in cell protection via alternative mechanisms such as angio-
enesis, mitochondrial protection, neurogenesis, neuronal survival
nd differentiation and blocking apoptosis and excitotoxicity (Bar
t al., 2014; Li et al., 2011; Saretzki, 2014; Sahin et al., 2011),
lthough nearly all of this evidence is from preclinical models, and
he significnace for humans is uncertain. Adult mice completely
eficient for telomerase displayed short, dysfunctional telomeres
nd a degenerative somatic phenotype (Jaskelioff et al., 2011).
emarkably, experimental re-activation of telomerase for as lit-
le as 4 weeks in these mice extended telomeres, reduced DNA
amage signaling and reversed degenerative phenotypes across
ultiple organs, including the brain, where signs of neurodegen-

ration were reversed (Jaskelioff et al., 2011). Such findings raise
he possibility that consequences of telomerase action may  include
ot only the repair of certain types of age-associated cellular dam-
ge but also their reversal. Preclinical studies have also highlighted

 number of aspects of brain TA that, together, may  be relevant
o depression, the brain and hippocampal integrity (Zhou et al.,
011): In mice, (1) chronic mild stress (CMS) lowered hippocampal
A; (2) fluoxetine treatment reversed the CMS-induced decreases
n hippocampal TA; (3) inhibition of TA, either systemically or
ntra-hippocampally, resulted in “depression-like” behaviors in the

ice and impaired hippocampal neurogenesis; (4) in contrast,
verexpressing intra-hippocampal TA up-regulated neurogenesis,
roduced “antidepressant-like” behaviors and prevented CMS-

nduced behavioral changes; and (5) irradiation ablation of the
entate gyrus (the part of the hippocampus that retains the
apacity for neurogenesis throughout adulthood) prevented the
antidepressant-like” effects of telomerase overexpression. These
reclinical studies suggest that hippocampal TA in mice is involved

n the regulation of “depression-like” behaviors and possibly
antidepressant-like” mechanisms, perhaps by regulating adult
eurogenesis in the dentate gyrus (Zhou et al., 2011). A role
f telomerase in neurogenesis is further supported by evidence
hat telomerase mediates neurotrophic effects of brain-derived
eurotrophic factor (BDNF) in embryonic and early post-mitotic
ippocampal neurons in rats (Fu et al., 2002). However, most of
hese studies have not yet been replicated. Another important
aveat is that telomeres and telomerase are regulated differently

n rodents and humans (Prowse and Greider, 1995), so caution is
ecessary in extrapolating these animal findings to man.
avioral Reviews 55 (2015) 333–364

5.2. Telomerase activity (TA) in psychiatric illnesses

While TA in psychiatric illnesses remains poorly studied, it has
been better characterized in the context of psychological stress.
Epel et al. (2004) reported that highly stressed caregiving moth-
ers (who were generally healthy and not clinically depressed) had
lower resting PBMC TA than low-stress mothers. In another study
examining TA in resting – that is, unstimulated – PBMCs (“basal
TA”), exposure to acute laboratory stress transiently increased the
basal TA levels, both in proportion to the cortisol response to the
stressor, and (in the low-stress women  only) to the degree of antic-
ipatory threat (Epel et al., 2010). Additional studies suggest that
PBMC basal TA can be upregulated in stressful situations or in clin-
ical depression. For example, in another caregiver study, but one
in which many of in the caregivers had signs of clinical depres-
sion, short LTL was accompanied by increased PBMC basal TA
(Damjanovic et al., 2007). Possible explanations for these diver-
gent results are, firstly, that the caregiver mothers in the study
by Epel et al. (2004) were pre-menopausal whereas those in the
Damjanovic et al. (2007) study were post-menopausal. Estrogen
is a known regulator of TERT, a central telomerase gene. Further-
more, few of the caregiver mother subjects (Epel et al., 2004),
but many in the study by Damjanovic et al. (2007) had clini-
cal depression. However, the reasons for the opposite effects on
PBMC basal TA are not understood. It has been speculated that the
increased TA was “an unsuccessful attempt to compensate for the
excessive loss of telomeres” (Damjanovic et al., 2007; Lin et al.,
2012). The same explanation was  suggested in two other studies
(Brydon et al., 2012; Zalli et al., 2014), as well as in a small-scale
study in MDD, in which un-medicated individuals with MDD  had
substantially elevated PBMC basal TA (Wolkowitz et al., 2012).
Additionally, Teyssier et al. (2012) found that expression of TERT
mRNA, while not significantly different in MDD  and control groups,
was positively correlated with depression and anxiety severity rat-
ings in the combined sample of MDD  subjects and controls. The
only three other studies of TA in psychiatric illnesses reported
that individuals with schizophrenia had nominally significantly
decreased PBMC basal TA compared to unaffected individuals
(Porton et al., 2008), and that individuals with BD (depressed
phase) (Soeiro-de-Souza et al., 2014) and combat-related PTSD
(Jergovic et al., 2014) had unaltered PBMC basal TA compared to
controls. Methodological differences between studies, including
sample preparation (Wolkowitz et al., 2012), may account for some
variability.

While the mechanisms of these changes in PBMC basal TA are
unknown, they may  include changes in both transcriptional and
fast-acting post-translational regulation of TA (Epel et al., 2010).
Oxidative stress (Lopez-Diazguerrero et al., 2012; Maeda et al.,
2013) and inflammation (Gizard et al., 2011; Goodman and Jain,
2011), in particular, may  stimulate TA or expression of TERT, pre-
sumably as a compensatory, cell survival-enhancing mechanism
(Lin et al., 2012). Cortisol may  have significant effects on TA, as
well, but the nature of these effects is unclear. In a human labora-
tory study of acute stress, PBMC basal TA rapidly and transiently
increased in direct proportion to increases in psychological stress
(threat perception) and to increases in serum cortisol (Epel et al.,
2010). However, in a four-month study of a mindfulness interven-
tion in overweight women, changes in PBMC TA across the four
months were inversely correlated with changes in anxiety and
changes in cortisol (Daubenmier et al., 2012). Preclinical data are
also difficult to interpret. In one in vitro study, exposure of human
lymphocytes to short-term cortisol resulted in reduced PBMC TA
dictable stress (which was  associated with increased corticosterone
responsivity to acute stress) increased PBMC TA, although
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orrelations between changes in TA and changes in corticosterone
ere not reported (Beery et al., 2012). In summary, there have
ot yet been enough studies, especially large-scale ones, in psy-
hiatric populations to assess possible changes in PBMC basal TA,
lthough stress seems a potent regulator of TA, even though the
irection and mechanisms of these effects are unknown at this
ime.

.3. Effects of psychotropic medication on telomerase activity
TA)

Some pre-clinical data suggest that SSRIs and lithium can
ncrease TA. For example, in the study reviewed above, fluoxetine
ncreased TA in the hippocampus, and telomerase overexpression

as reported to have direct antidepressant-like effects in mice
Zhou et al., 2011). More recently, Wei  et al. (2015) reported short
elomeres and reduced TERT expression and TA in the hippocampus
f Flinders Sensitive Line rats, which are a genetic model of depres-
ion, compared to Flinders Resistant Line rats. They also found that
ithium administration for 6 weeks significantly increased TERT
xpression and TA in the hippocampus of the Flinders Sensitive
ine rats, thereby normalizing their baseline abnormalities (Wei
t al., 2015).

Clinical data are sparse and inconclusive. In a small-scale study,
olkowitz et al. (2012) reported that unmedicated MDD  sub-

ects who had relatively low PBMC basal TA at baseline (prior
o treatment and compared to the entire MDD  group), and who
ad the greatest increases in PBMC basal TA over the course
f treatment, showed superior antidepressant response to eight
eeks of sertraline treatment. Across the entire sample (respon-
ers and non-responders to treatment), however, antidepressant
reatment was  not associated with significant changes in PBMC
asal TA (Wolkowitz et al., 2012). These findings raise the possi-
ility that depressed individuals with relatively low PBMC basal
A while un-medicated (compared to other depressed individu-
ls) stand to gain the most from exogenous telomerase activation,
nd that telomerase activation may  be a novel mechanism of
ction of some antidepressants, as also suggested by animal studies
Zhou et al., 2011). However, this finding will require replica-
ion with a larger sample, and the relationship between PBMC
asal TA and brain/hippocampal TA is unknown. A recently pub-

ished study in medication-free BD subjects (all in the depressed
hase), reported that, while PBMC basal TA did not significantly
hange after six weeks of lithium monotherapy, lower PBMC
asal TA at the end of treatment was associated with supe-
ior antidepressant responses to lithium (Soeiro-de-Souza et al.,
014). This latter finding should be interpreted cautiously, since

nspection of the figure in that article suggests that one out-
ying data point contributed to the significant finding. In any
vent, these clinical studies are not fully comparable, since the
ormer study found significant relationships between change in
epression ratings vs. change in PBMC basal TA (Wolkowitz et al.,
012), whereas the latter study found significant relationships
etween change in depression ratings vs. cross-sectional PBMC
asal TA after six-weeks of treatment (Soeiro-de-Souza et al., 2014).
ther possible reasons for the discrepancy between these two

tudies are inadequate sample sizes, differences between unipo-
ar and bipolar depression and, especially, differences between
erotonin-specific reuptake inhibitor (SSRI) antidepressants and
ithium, which may  engage TA differently in achieving their clin-
cal effects. Additional studies are critical to evaluate the role of

elomerase in mental illness and mental health, to detect novel

echanisms of action of various treatments, and to address the
mportant question of whether cell aging can be reversed or atten-
ated.
avioral Reviews 55 (2015) 333–364 357

6. Relationship of peripheral cell aging markers to the brain

The obvious question that arises when discussing a peripheral
marker in psychiatric illness is whether the marker directly reflects
some aspect of brain function relevant to mental illness. It is plausi-
ble that LTL is correlated with TL in certain brain tissues, since TL’s
are often inter-correlated across some tissues (including skeletal
muscle, skin, subcutaneous fat, and cerebral cortex) (Daniali et al.,
2013; Gadalla et al., 2010; Mitchell et al., 2014; Takubo et al., 2002),
but not necessarily across all tissues (Dlouha et al., 2014) within
the same individual, even though the absolute length of the telom-
eres varies across tissues. The rates of telomere shortening over
time are also similar across tissues, at least for leukocytes, skeletal
muscle, skin and subcutaneous fat (Daniali et al., 2013). Further, to
the extent LTL is shortened by systemic inflammation or oxidative
stress, these systemic conditions may affect telomeres in brain cells
that are also sensitive to inflammation or oxidative stress. Despite
these theoretical possibilities, the actual relationship between LTL
and telomere length in brain cells is unknown. Two  post-mortem
studies of TL in cerebellar gray matter and occipital cortex found
no significant differences between MDD  subjects and controls,
although correlations with LTL were not assessed (Teyssier et al.,
2010; Zhang et al., 2010). Cerebellar and occipital gray matter,
however, might be less affected by mitosis-related telomere short-
ening, compared to the areas like the hippocampus, since mitotic
neuronal precursor cells (e.g., neuronal stem cells and progeni-
tor cells) are found in the subventricular zone and the dentate
gyrus. Apart from neurons and neural stem/precursor cells, certain
other brain cells are particularly sensitive to oxidative stress, such
as oligodendrocytes. Szebeni et al. (2014), studying the autopsied
brains of individuals who  had had MDD  during their lives, reported
decreased TL, decreased TERT expression and decreased antiox-
idant enzymes in oligodendrocytes in two white matter regions
implicated in MDD.

Neuroimaging research is just beginning to assess the relation-
ship between LTL and hippocampal volume in MDD. Wikgren et al.
(2013) found that, while shorter LTL was correlated with greater
subcortical atrophy and more white matter hyper-intensities,
shorter LTL was correlated with larger hippocampal volume. This
was found in non-demented apolipoprotein E �3/�3  carriers, but
not in non-demented apolipoprotein E �4 carriers (Wikgren et al.,
2012a). The authors interpreted their finding in the non-demented
apolipoprotein E �3/�3  carriers as being consistent with greater
overall cellular proliferation in leukocytes as well as in the hip-
pocampus, which would lead to relatively shorter LTL due to more
frequent mitoses but relatively larger hippocampal volume due
to more neurogenesis in the dentate gyrus. A more recent MRI
study found the opposite relationship, however. In apolipoprotein
E �3/�3  carriers, LTL was directly correlated with HC volume, which
was interpreted as evidence of “coordinated chromosomal and neu-
ral aging” (Jacobs et al., 2014). A recent population-based study,
not specifically in MDD, found that LTL was positively associated
with total cerebral volume, including white and cortical matter gray
volume, as well as with hippocampal volume and volumes of sev-
eral other sub-regions (King et al., 2014). 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.

Very few studies have examined relationships between PBMC
basal TA and brain TA or brain structural volumes. A study in absti-
nent heroin users noted significant positive correlations between
PBMC basal TA and white and gray matter volume in the right

dorsolateral prefrontal cortex (Cheng et al., 2013). The authors sug-
gested that their data in abstinent heroin users suggest premature
aging at both the cellular and brain system levels (Cheng et al.,
2013). It is not clear from the paper whether other brain regions
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ere also examined. Of potential importance in interpreting these
ata, the abstinent heroin use group also had significantly higher
epression and anxiety ratings than the controls, making attribu-
ion of the findings difficult. Another important consideration in
nterpreting that study is the impact of the heroin use history on
his relationship, as these correlations were not seen in the con-
rol group (Cheng et al., 2013). To our knowledge, only one study
as assessed the relationship of PBMC basal TA to hippocampal vol-
me  in MDD. Wolkowitz et al. (2015) reported a significant positive
orrelation between PBMC basal TA and hippocampal volume in

 small group of unmedicated individuals with MDD  but not in
ealthy controls. The authors interpreted these results as being
onsistent with those of the preclinical study by Zhou et al. (2011),
eviewed above.

In summary, peripheral markers of cell aging are the only
arkers that are practical to obtain in living humans. Without

etermining their relationship to neural process that are presum-
bly more closely related to psychiatric illnesses, their ultimate
nformational value will be limited. There are enough promising
eads to justify further trials comparing peripheral and central

arkers using various forms of neuroimaging in living humans,
s well as autopsied human brain specimens and animal model-
ng.

. Is cellular aging preventable or reversible?

That shortened LTL may  accompany certain psychiatric illnesses
aises the intriguing possibility that appropriate treatment (or pre-
ention) of the psychiatric illnesses might slow cell aging or even
ead to telomere lengthening (Rizzo et al., 2014; Wolkowitz et al.,
011b), even though causality has yet to be demonstrated. While
ew pharmacologic studies have examined this, several behavioral
nd psychological intervention studies in non-psychiatric popu-
ations have examined the effects on PBMC basal TA or LTL of
nterventions ranging from intensive lifestyle modification, mind-
ul eating, mindfulness-based stress reduction and various types of

editation (see Verhoeven et al., 2014b for an overview), although
t is unknown if these results would generalize to psychiatric popu-
ations. Further, these studies have often been non-randomized
nd not adequately controlled. These studies have generally found
ntervention-associated increases in PBMC basal TA (Epel, 2009,
012; Epel et al., 2009b; Jacobs et al., 2011; Lengacher et al., 2014;
rnish et al., 2008; Schutte and Malouff, 2014b; Starkweather et al.,
014). A recent meta-analysis of four studies with randomized con-
rolled designs (Jacobs et al., 2011; Daubenmier et al., 2012; Ho
t al., 2012; Lavretsky et al., 2013) found an effect size of d = 0.46
or meditation intervention increasing PBMC basal TA (Schutte and

alouff, 2014b). However, it is obviously difficult to double-blind
uch interventions. In three of these studies, the control condition
as a “waitlist” (Jacobs et al., 2011; Daubenmier et al., 2012; Ho

t al., 2012) and in the other was “relaxation” (Lavretsky et al.,
013). Nonetheless, several studies reported “dose–response” rela-
ionships, with greater improvement in mental well-being or sense
f purpose in life or greater adherence to the behavioral interven-
ion, associating with larger increases in PBMC basal TA (Epel, 2012;
acobs et al., 2011). Jacobs et al. (2011) found that retreat partic-
pants, meditating for 6 h daily for 3 months, had greater PBMC
asal TA at the end of the three months than did a waitlist control
roup. A caveat when interpreting that study, however, is that pre-
est PBMC basal TA measures were not available for the meditation
roup, thus the analyses relied on cross-sectional post-meditation

ata only (Jacobs et al., 2011). Lengacher et al. (2014) showed, in

 sample of breast cancer patients, that mindfulness-based stress
eduction for six weeks significantly increased PBMC basal TA com-
ared to a waitlist control group. In this study, baseline PBMC basal
avioral Reviews 55 (2015) 333–364

TA was controlled for, but potential limitations were that the active
group was heterogeneous in terms of treatment received and time
since treatment completion. Moreover, the treatment program was
relatively short and thus only allowed for short-term assessment
of PBMC basal TA. In a pilot non-randomized study in low-risk
prostate cancer patients, Ornish et al. (2008) showed that three-
months of comprehensive lifestyle changes were associated with
significant increases in PBMC basal TA accompanied by a decrease
in psychological distress. A potential limitation of this study was
the lack of a control group and the fact that only 30 of 126 eligible
patients agreed to participate in the study after learning the details
and the fact that all participants were male, which may  affect gener-
alizability of the findings. A five-year follow-up of 10 of the original
participants from that study showed that their LTL significantly
increased from baseline relative to control men  whose prostate
cancer was  simply followed by active surveillance, although their
PBMC basal TA had decreased somewhat compared to the base-
line measurement (Ornish et al., 2013). This study was limited by
the small sample size (10 subjects in the intervention group and
25 controls) and by the non-randomized study design, which may
introduce unknown sources of bias.

The literature on exercise and telomere length is inconsis-
tent but generally suggests that exercise is associated with a
telomere-protective phenotype in leukocytes and skeletal muscles
(Ludlow et al., 2013). One study found that aspects of “multi-
system resiliency” and positive lifestyle (e.g., social support, good
emotion regulation, sleep and exercise), collectively but not indi-
vidually, statistically attenuated the negative relationship between
MDD  and LTL (Puterman et al., 2013). Analyses in this study were
cross-sectional, thus causality cannot be inferred, and data on diet,
another lifestyle factor that can influence LTL, were not avail-
able. The same group of investigators previously found, in a group
of caregiving and non-caregiving post-menopausal women, that
highly stressed women have shorter telomeres, but only if they
are inactive, suggesting a protective effect of exercise (Puterman
et al., 2010). Since that study was cross-sectional, though, it is diffi-
cult to draw causal interpretations, especially since the more highly
stressed women were less likely to be physically active. Similarly,
a prospective study of healthy post-menopausal women followed
over the course of one year found that major life stresses during the
preceding year were associated with significant telomere shorten-
ing over the one-year period, but that this effect was significantly
attenuated in women  with positive health behaviors (leisure time
physical activity, healthy dietary practices and good sleep qual-
ity) (Puterman et al., 2015). This study is important, as it is one
of the only prospective longitudinal studies to examine stress-
related changes in TL and possible moderators of this relationship.
However, the measures of stress and of health behaviors were self-
reported, possibly influencing the results. Further, health behaviors
may  have been spuriously associated with LTL if physical diseases
(that could, themselves, lessen healthful health behaviors) bore the
primary relationship with LTL. One additional small-scale study
involving telephone-based psychological stress-reduction counsel-
ing in 22 women with cervical cancer (Biegler et al., 2012), found
no significant overall change in LTL following four months of coun-
seling, but did find that changes in distress ratings over that time
period were inversely correlated with changes in LTL (Biegler et al.,
2012). This study, however, had no control group, and four months
may  be too short to discern significant changes in LTL.

The behavioral/psychological/lifestyle intervention literature
relating these interventions to PBMC basal TA and LTL is intrigu-
ing and points in the hypothesized direction, but it is limited by the

small-scale, non-randomized, non-blinded design of the studies,
as well as, in most cases, the short duration of the interventions.
The putative effects of certain of these interventions on cellu-
lar aging may  be mediated by improvements in stress arousal
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nd lessening of threat cognitions and ruminative thought (Epel
t al., 2009b), although the biochemical intermediaries remain to
e determined.

. Summary

The study of LTL, PBMC basal TA and other indices of cell aging
n psychiatric illnesses is just beginning, but further advances are
xpected to develop rapidly. A modest preponderance of the evi-
ence reviewed here suggests that several psychiatric illnesses
viz., MDD, anxiety disorders and PTSD) may  be associated with
ccelerated cellular aging, as indexed by short LTL and possibly by
ltered PBMC basal TA, although conflicting reports exist, and no
onclusions can yet be made. Methodological differences between
tudies, as well as many studies with small sample sizes, make
onclusions difficult to draw. Although the reasons for the discrep-
ncies between studies are unknown, possibilities include different
ubject demographics (e.g., age, gender, race, socioeconomic status,
istory of childhood adversity (O’Donovan et al., 2011a; Price et al.,
013)), different study designs, differences in duration or severity
f the investigated illness (Wolkowitz et al., 2011a), different spec-
men processing and assay protocols (Aviv et al., 2006; Montpetit
t al., 2014; Nieratschker et al., 2013) and, importantly, differences
n moderators of LTL and PBMC basal TA that are often not assessed,
.g., genetic risk-alleles (Armanios and Blackburn, 2012; Codd et al.,
013), including ApoE status (Jacobs et al., 2013; Takata et al., 2012;
ikgren et al., 2012a), cognitive threat appraisal (O’Donovan et al.,

012), pessimistic outlook (O’Donovan et al., 2009), arousal and
egulatory system activation (Epel, 2009) and stress resiliency fac-
ors (Puterman et al., 2013). For example, recent data suggest that
high risk” genetic polymorphisms in the serotonin and dopamine
ystems may  interact with early life adversity to affect adult LTL
Mitchell et al., 2014). Short LTL is unlikely to be specific to any
ne categorical psychiatric illness. If it occurs, it is more likely
elated to underlying trans-diagnostic biological abnormalities or
ehavioral dimensions/phenotypes (Wolkowitz et al., 2010). It is
ot yet known whether combining LTL measures with psychiatric
isorder status may  inform clinical practices. For example, a recent
tudy found that the combination of short telomere length with
epression was (compared with either measure alone) a strong
rospective predictor of both cancer disease progression and mor-
ality in a cohort of bladder cancer patients (Lin et al., 2015). Further
tudy of cell aging in psychiatric illnesses and of its moderators
nd mediators may  even help define more homogenous diagnoses
ased on underlying biological aspects of pathophysiology. A sig-
ificant remaining question is whether peripheral LTL and PBMC
asal TA reflect brain processes that are relevant to mental illness.

Evidence of significant LTL shortening in psychiatric illness
ould be cause for concern, since shorter LTL has been linked to

urrent and future medical illnesses and to premature mortality,
lthough causality has not been demonstrated. More research is
eeded to define possible roles of telomerase and TERT in psy-
hiatric illnesses, but initial preclinical and clinical findings are
rovocative and suggest possible roles in hippocampal neuro-
enesis and in the actions of antidepressants. Risk factors and
echanisms for accelerated cell aging in humans are just begin-

ing to be understood, and longitudinal studies will be needed to
nfer causality as well as to address the important questions of
iming, prevention and reversibility of cell aging. If LTL attrition is
elated to psychiatric disease in a “dose–response” relationship, it
ill be important to determine whether lessening the “dose” of the

isease by adequate treatment will help preserve LTL or reverse
elomere attrition. In an otherwise concerning picture, findings
hat certain positive lifestyle changes are correlated with low-
red degrees of cell aging (as indexed by LTL and/or PBMC basal
avioral Reviews 55 (2015) 333–364 359

TA) (Epel, 2009, 2012; Hoge et al., 2013; Puterman et al., 2010,
2015) provide some encouragement, although many of the stud-
ies were 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 (Epel et al., 2004; O’Donovan et al., 2012), it is conceiv-
able that psychotherapy and stress coping mechanisms might also
attenuate stress-associated cell aging (Biegler et al., 2012), but this
has not been well-studied.

Measuring LTL and PBMC basal TA may  someday prove to be
useful biomarkers in personalized medicine for staging disease pro-
gression and disease risk and for selecting treatments (Hochstrasser
et al., 2012), but there is certainly insufficient research yet to sup-
port this. Further, insufficient calibration of assay methods across
labs and the lack of accepted “normal ranges” for LTL and PBMC
basal TA make it premature for cell aging markers to enter clinical
use at this time (Martin-Ruiz et al., in press). The relatively small
effect sizes reported in reviewed 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, at this time. 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 men-
tal manifestations rather than as purely mental or even purely
brain diseases, thus expanding the range of therapeutic targets and
diminishing the stigma associated with these illnesses.
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