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Abstract: Psychiatric disorders seem to be characterized by premature cell senescence. However,
controversial results have also been reported. In addition, the relationship between accelerated
aging and treatment-resistance has scarcely been investigated. In the current study, we measured
leukocyte telomere length (LTL) in 148 patients with treatment-resistant depression (TRD, 125 with
major depressive disorder, MDD, and 23 with bipolar disorder, BD) treated with electroconvulsive
therapy (ECT) and analyzed whether LTL was associated with different response profiles. We also
compared LTL between patients with TRD and 335 non-psychiatric controls. For 107 patients for
which genome-wide association data were available, we evaluated whether a significant overlap
among genetic variants or genes associated with LTL and with response to ECT could be observed.
LTL was negatively correlated with age (Spearman’s correlation coefficient = −0.25, p < 0.0001) and
significantly shorter in patients with treatment-resistant MDD (Quade’s F = 35.18, p < 0.0001) or BD
(Quade’s F = 20.84, p < 0.0001) compared to controls. Conversely, baseline LTL was not associated
with response to ECT or remission. We did not detect any significant overlap between genetic variants
or genes associated with LTL and response to ECT. Our results support previous findings suggesting
premature cell senescence in patients with severe psychiatric disorders and suggest that LTL could
not be a predictive biomarker of response to ECT.

Keywords: telomere; ECT; treatment-resistance; accelerated aging; psychiatric disorders; mental
disorders; GWAS; bipolar disorder; major depressive disorder; senescence

1. Introduction

Mood disorders affect 5.4% of the general population representing a substantial so-
cioeconomic burden and significantly impacting the patients’ quality of life [1–3]. The most
common and severe mood disorders are Major Depressive Disorder (MDD) and Bipolar
Disorder (BD), which affect 6% and 0.8–1.2% of the world population, respectively [4,5].
Mood disorders are associated with a reduced life expectancy compared to the general
population (up to 20 years), and this is largely accounted for by a higher incidence of
cardiovascular and metabolic disorders [6,7] and suicide [8–10].
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In both disorders, pharmacological treatments represent the main approach. The
treatment of BD is complex because different medications are needed for each phase of the
disorder and may differ in the acute and in the maintenance phase [11]. The treatment of
bipolar depression is a big challenge because there are few drugs with proven efficacy and
the use of antidepressants is controversial [12–14], due to the risk for manic switch [15]
and the higher risk of suicidal ideation [16,17]. Nevertheless, antidepressants, either
in monotherapy or in combination with other psychotropic medications, constitute the
treatment of first choice for MDD and for bipolar depression, although on average only
about 40 to 60% of treated patients show a significant improvement of symptoms [18,19],
with about one third of patients resistant to antidepressants [20]. Treatment-Resistant
Depression (TRD) is defined as a failure to respond to two or more adequate trials of two
or more different classes of antidepressants and to an adequate trial of a tricyclic (TCA)
drug referred to Stage III of Thase and Rush Staging Method [21]. TRD concerns 10–30% of
patients with MDD [19,22,23] and 75% of cases of unresolved morbidity of BD [24].

Electroconvulsive therapy (ECT) [25] is a non-pharmacological treatment indicated
for TRD involving both unipolar and bipolar depression [26]. It is also recommended
when there is an urgency of treatment (e.g., suicide risk) [27], for treatment-resistant
schizophrenia [28] and catatonia [29]. ECT is based on an electrical stimulation of the brain
with electrodes placed on the head of the patient under anesthesia; the electrical current
generated triggers generalized seizures. Recent findings have also shown how ECT can
induce antidepressant effects without inducing seizures [30], for example by changing
sleep architecture [31]. The mechanism by which it determines an antidepressant effect is
complex and not entirely clear [32]. ECT affects neurotransmission [33–35], induces changes
in neuroendocrine [36] and neurotrophic factors [37–40], and also alters inflammatory
mechanisms [41]. Some studies also showed that ECT can induce structural changes
in the brain [42,43]. However, ECT can trigger side effects of different magnitude like
headaches, nausea, prolonged seizures and, more seriously, the possibility of memory loss
and cognitive side effects [44,45].

Although ECT is one of the most effective therapies for the management of TRD [46,47]
because of its invasive nature and side effects, many studies tried to find parameters that
can help predict the outcome of the treatment. Interestingly, one of the mechanisms by
which ECT has been suggested to exert its antidepressant effects is a modification of in-
flammatory response [48,49]. A large body of data suggest that low grade inflammation
might play a role in psychiatric disorders, and that the modulation of the inflammatory
cascade could contribute to improving the symptomatology and the effectiveness of psy-
chotropic medications [50–52]. The role of peripheral inflammation on functions of the
central nervous system and on the etiopathogenesis of mood disorders is not well un-
derstood, but several hypotheses have been explored. Inflammatory processes have also
shown to significantly contribute to accelerate cellular aging, mainly through acceleration
of telomere shortening [53]. Telomere length (TL), a biomarker of aging widely inves-
tigated in psychiatric disorders, has been shown to be inversely correlated with levels
of inflammation markers [53,54]. Telomeres are DNA-protein complexes located at the
ends of eukaryotic chromosomes that play a crucial role in several physiological functions
including maintaining structural integrity, three-dimensional architecture, DNA stability
and prevention of uncontrolled replication [55]. Telomeres are progressively reduced in
size (about 20–200 pairs of bases) with each replicative cycle [56]. This process continues
until telomeres reach a critical minimum length that signals the end of proliferation, the
beginning of senescence and the subsequent death by apoptosis of the cell [57,58]. This
shortening is counteracted by the enzyme telomerase in cells in which this enzyme is
active. However, telomerase seems to represent one of the many mechanisms involved
in finely regulating telomere dynamics. TL is a heritable trait, with heritability estimated
at 44–86% [59]. Genome-Wide Association Studies (GWAS) have identified a number of
genetic variants associated with this trait, some of which are located in or near genes
playing a crucial role in telomere regulation or DNA repair [59–61]. Interestingly, in a



J. Pers. Med. 2021, 11, 1100 3 of 14

recent study, the minor allele of the rs2736100 single nucleotide polymorphism (SNP),
located in the gene encoding for the catalytic subunit of telomerase (TERT), was associated
with depression among those without experience of childhood adversity, as well as with
the number of depressive episodes in patients with BD good responders to lithium [62].

Telomere shortening can also be accelerated by numerous factors such as oxidative
stress, mutations of genes that play a key role in telomere biology, depletion of telomeric
proteins [63], increased hypothalamic-pituitary-adrenal axis activity, decrease of some
neurotrophic factors such as BDNF [64] and, as previously pointed out, inflammation.
Leukocyte Telomere Length (LTL) can easily be measured from a non-invasive blood
sampling and has been suggested to be related to the length of telomeres in other somatic
cells [65].

Several studies investigated TL in patients with MDD and different results have
been found, some of which showed that TL is shorter in patients than in non-psychiatric
controls [66–70]. Similar findings have been reported in BD [67,71–74], and different studies
showed that treatment with the mood stabilizer lithium correlated with longer LTL [75–77].
Fewer studies investigated differences in TL between responders and non-responders to
antidepressant treatment. In a recent study, TL pre-treatment with SSRI was shorter in
non-responders than in responders [78]. To date, only one study examined if TL could be a
predictive marker of ECT response in patients with TRD, showing no correlation between
TL and effectiveness of ECT treatment [79].

Here we present the findings of a retrospective study where we investigated the
correlation between baseline LTL, genetic variants associated with LTL and response to
ECT in a sample of patients with unipolar and bipolar TRD. Moreover, we explored
differences in LTL between patients with TRD and non-psychiatric controls.

2. Results
2.1. Comparison of LTL between Patients with Treatment-Resistant Depression and Controls

A flow-chart of the analyses is reported in Figure 1. Clinical data and LTL measure-
ments were available for 149 patients with TRD. LTL from these patients was compared
with LTL from 336 non-psychiatric controls. After exclusion of two outliers, analyses were
conducted in a sample including 148 patients with TRD (125 with a diagnosis of MDD and
23 with a diagnosis of BD) and 335 controls (Table 1). LTL was negatively correlated with
age (Spearman’s correlation coefficient = −0.25, p < 0.0001, Figure 2) and not associated
with gender (U = 25,835, p = 0.079).
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Table 1. Demographic characteristics of the sample.

Patients with TRD (n = 148) Controls (n = 335) Statistics p

Age, median (IQR) 56 (20) 43 (22) 14,125 a <0.0001

Gender (women, %) 67.6 53.1 8.76 b 0.004
a Mann-Whitney U; b = Pearson’s Chi-Square. Abbreviations: IQR, interquartile range.
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Figure 2. Negative correlation between LTL and age in the sample including 148 patients with TRD
and 335 controls.

LTL was shorter in patients with TRD compared to controls (U = 13,015, p < 0.0001,
Table 2 and Figure 3). This result was significant also when adjusting for age using rank
analysis of covariance (Quade’s F = 49.17, p < 0.0001). When stratifying patients with TRD
based on their diagnosis (MDD and BD) using Kruskal-Wallis analysis with post-hoc tests
with Dunn’s correction for multiple testing, both groups showed significantly shorter LTL
compared to controls (MDD vs controls: U = 11.63, p < 0.0001, Quade’s F = 35.18, p < 0.0001;
BD vs controls, U = 1.39, p < 0.0001, Quade’s F = 20.84, p < 0.0001). Similar results were
obtained when repeating the analyses in a subsample of participants in which cases and
controls were matched based on age (Supplementary Table S1).

Table 2. Comparison of LTL between patients with TRD and controls.

Unadjusted Analyses Analyses Adjusted for Age

LTL, median (IQR) U p Quade’s F p
Patients with TRD (n = 148) 0.77 (0.30) 13,015 <0.0001 49.17 <0.0001

Controls (n = 335) 1.03 (0.48)

Abbreviations: corr. coeff., correlation coefficient; IQR, interquartile range; LTL, leukocyte telomere length; TRD, treatment-resistant depression.
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2.2. Association between Baseline LTL and Response to ECT

In the whole sample of patients with TRD, baseline LTL was not significantly different
between responders and non-responders at T1 or T2 or between remitters and non-remitters
(Table 3) and was not correlated with the symptom improvement defined as the variation
in the Montgomery and Asberg Depression Rating Scale (MADRS) between baseline and
either T1 or T2. In addition, baseline LTL was not significantly correlated with MADRS
scores at baseline or at any time point or with the number of ECT sessions (Table 3).

Table 3. Comparison of baseline LTL in relation to ECT response.

Unadjusted Analyses Analyses Adjusted for Age

LTL, median (IQR) U p Quade’s F p

Responders at T1 (n = 119) 0.77 (0.30) 777 0.68 0.04 0.85
Non-Responders at T1 (n = 14) 0.85 (0.34)

Responders at T2 (n = 65) 0.77 (0.34) 767 0.34 0.54 0.46
Non-Responders at T2 (n = 27) 0.88 (0.27)

Remitters (n = 53) 0.75 (0.32) 769 0.18 1.50 0.23
Non-remitters (n = 35) 0.88 (0.29)

Median (IQR) Spearman’s rho p partial corr. coeff. p

Delta % MADRS T1-T0 75 (77) −0.11 0.23 −0.12 0.17
Delta % MADRS T2-T0 78 (118) −0.16 0.13 −0.18 0.10

MADRS scores at T0 33 (36) 0.03 0.73 0.03 0.76
MADRS scores at T1 8 (7) 0.11 0.20 0.13 0.15
MADRS scores at T2 7.5 (18) 0.17 0.12 0.17 0.12

Number of ECT sessions 7 (3) 0.03 0.71 0.02 0.79

Abbreviations: corr. coeff., correlation coefficient; IQR, interquartile range; LTL, leukocyte telomere length; MADRS, Montgomery Asberg
Depression rating scale.

Similar results were obtained when stratifying the analyses based on psychiatric diag-
noses or intake of the high-potency benzodiazepine clonazepam, which has been previously
shown to negatively affect seizure quality [80] (Supplementary Tables S2 and S3).

2.3. Association between LTL and other Demographic or Clinical Variables

We observed a trend for negative correlation between LTL and body mass index (BMI,
Spearman’s rho = −0.16, p = 0.067) and the association was significant after adjusting for
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age (partial correlation coefficient = −0.19, p = 0.027). Patients with comorbid personality
disorders showed longer LTL in unadjusted analyses, but the association was not significant
after adjusting for age (Mann Whitney’s U = 1456, p = 0.019; Model adjusted for age:
Quade’s F = 2.36, p = 0.13). No other variable was significantly associated with LTL
(Table 4).

Table 4. Association between LTL and other demographic or clinical variables.

Unadjusted Analyses Analyses Adjusted for Age

Variable Statistics p Statistics p

Years of education, median (IQR): 8 (8) 0.14 a 0.10 0.01 b 0.90
BMI, median (IQR): 26.4 (6.7) −0.16 a 0.067 −0.19 b 0.027
Psychotic symptoms (70.9%) 2162 c 0.687 0.09 d 0.76

Smoking (35.1%) 2405 c 0.72 0.24 d 0.63
History of substance abuse (5.1%) 435 c 0.85 0.27 d 0.60

Comorbid alcohol abuse (2.7%) 244 c 0.60 0.10 d 0.75
Comorbid anxiety disorders (27.7%) 2030 c 0.48 1.64 d 0.20

Comorbid personality disorders (23.6%) 1456 c 0.019 2.36 d 0.13
Comorbid cardiometabolic disorders (27.0%) 2055 c 0.65 1.74 d 0.19

a Spearman’s rho; b partial correlation coefficient; c Mann-Whitney’s U; d Quade’s F Abbreviations: IQR, interquartile range.

We did not observe significant differences in baseline LTL based on intake of antide-
pressants, antipsychotics, mood stabilizers or benzodiazepines during ECT (Table 5).

Table 5. Association between LTL and medication intake.

Unadjusted Analyses Analyses Adjusted for Age

Variable U p Quade’s F p

Antipsychotics (76.2%) 1730 0.30 0.56 0.46
Antidepressants (95.2%) 378 0.31 0.11 0.19
Mood stabilizers (15.0%) 1258 0.53 0.15 0.70
Benzodiazepines (87.1%) 1150 0.34 1.05 0.31

2.4. Association between Genetic Variants, Response to ECT and LTL

Genome-wide genotyping data were available for 107 TRD patients. No SNP or gene
was associated with either response to ECT or LTL at a genome-wide threshold (data not
shown). Among 185,410 SNPs and 885 genes nominally associated with LTL, there was
no significant enrichment for SNPs or genes nominally associated with response to ECT
(Supplementary Table S4). Finally, among SNPs previously associated with LTL, we ob-
served only few SNPs showing a nominal association with response to ECT (Supplementary
Table S5). Specifically, the G allele of rs8105767 (closest gene: ZNF208) was associated with
reduced symptom improvement at T1, the A allele of rs60160057 (DCLK2) with reduced
improvement and lower odds of response at T2 and the C allele of rs7194734 (MPHOSPH6)
was associated with increased LTL in the current sample but lower odds of response to
ECT at T2.

3. Discussion

In the present study we showed no difference in LTL based on response to ECT in
patients with TRD. This result is in accordance with the only available previous study
that reported no association between whole blood TL and response to ECT, remission or
cognitive side effects in a sample of 100 patients with severe depression in which improve-
ment was assessed using the Hamilton rating scale for depression-24 [79]. Conversely,
we observed significantly shorter LTL in patients with TRD compared to non-psychiatric
controls. This finding is in line with previous studies showing shorter TL in patients with
mood disorders [81].
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We did not observe a correlation between LTL and severity of depression based on
the MADRS score at baseline or at any time point evaluated. While this finding is in line
with a previous work [82], a recent study on patients with late-life depression showed a
negative correlation between LTL and severity of depressive symptoms measured with the
Hamilton Depression Rating Scale [83]. These contrasting findings might be determined by
several factors, including differences in the scales used to assess severity of symptoms and
in demographic features (e.g., in our sample the median age of participants was 56 years,
while the previous study only included patients with late-life depression). Moreover, all
participants included in our study had a diagnosis of TRD, while the Hartmann et al.,
study [82] included MDD patients with no stratification based on resistance to treatments.

We also found that LTL was negatively correlated with BMI, after adjusting for age
(Table 4). While this correlation could be partly mediated by increased levels of CRP [84],
this relationship needs to be further investigated, since increased BMI has also been sug-
gested to be associated with telomere attrition through non-inflammatory mechanisms [84].

In the analysis of GWAS data, we observed no significant enrichment between genetic
variants associated with LTL and variants nominally associated with response to ECT. While
LTL is a highly heritable trait, and shorter genetically predicted TL has been associated with
increased risk of some disorders, such as coronary artery disease and other cardiovascular
disorders [59,85], previous studies aiming to assess the presence of an enrichment between
genetic variants associated with LTL and psychiatric phenotypes mostly yielded negative
results [77,86,87].

The correlation between LTL and telomere dynamics in the central nervous system
has been largely debated, but there is agreement in that TL in whole blood correlates with
TL in most other tissues, including the brain [88]. While it is recognized that important
differences exist in telomere biology and length in the different tissues of the human body,
several studies suggest that LTL is significantly correlated with region-specific and total
brain volume [89]. Interestingly, it has been suggested that shorter LTL is significantly
associated with reduced size of the hippocampus [90]. The hippocampus is a key structure
in the limbic system involved in multiple cognitive functions and has been reported to be
significantly reduced in mood disorders [91].

Moreover, a correlation between reduce telomere length, accelerated brain aging and
hippocampus has been postulated and supported to some extent by recent findings [92].

The aging brain is also characterized by altered neural circuits at different levels, but
several studies support a key role of the thalamus and the pulvinar nucleus in particu-
lar [93,94]. A recent study showed that patients with schizophrenia had reduced functional
brain connectivity in several areas compared to healthy controls, including the pulvinar
nucleus, the hippocampus and the anterior cingulate cortex [95]. Interestingly, telomere
length has been associated with wide-spread connectivity changes in the brain, particularly
in the cingulum, a core component of the limbic system composed by a bundle of white
fibers that connects to the frontal, parietal, middle temporal, and subcortical regions [96].
Moreover, some of the structural connectivity changes could partially explain the asso-
ciation between telomere length and executive function, a neuropsychological correlate
highly reported to be impaired in mood disorder patients [97]. Overall, these data suggest
that telomere shortening could contribute to the accelerated brain aging reported in mood
disorder patients, and that this process might involve different regions as well as functional
and structural connectivity processes in the brain.

Our results have to be interpreted in light of several limitations. The study included
only a limited number of participants and the number of BD patients was particularly
underpowered. Moreover, we applied a cross-sectional design, which did not allow
exploring the causative role of telomere shortening or the correlation between longitudinal
changes in telomere length and variations in the MADRS scores.

In conclusion, despite the aforementioned limitations, our study supports the hypoth-
esis of accelerated cellular aging in mood disorders and suggests that neither telomere
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length nor genetic variants affecting it could constitute predictive biomarkers of response
to ECT.

4. Materials and Methods
4.1. Participants

In accordance with the Diagnostic and Statistical Manual of Mental Disorders (Fourth
Edition) classification system criteria, 149 TRD patients (of whom 23 BD) referred to the
Psychiatric Hospital “Villa Santa Chiara,” Verona, Italy, were voluntarily enrolled in the
study, which was approved by the local ethics committees (ethics committee of the province
of Verona, No. 4997/09.11.01), and written informed consent was obtained. Diagnosis
of unipolar or bipolar depression was confirmed using the Structured Clinical Interview
for DSM-IV Axis 1 Disorders diagnostic structured interview. Exclusion criteria were
the following: (i) mental retardation and cognitive disorders; (ii) a lifetime history of
schizophrenic or schizoaffective; (iii) personality disorders, obsessive-compulsive disorder,
or posttraumatic stress disorder as primary diagnosis; and (iv) comorbidity with eating
disorders. All the patients were evaluated as treatment-resistant. Treatment-resistant
depression was defined as at least the failure to respond to 2 or more adequate trials with
2 or more different classes of antidepressants and to an adequate trial of a tricyclic drug,
referred to as stage III of Phase and Rush Staging Method [21]. All the patients were
scheduled to undergo ECT. ECT was performed according to standard settings, with a
bipolar brief pulse square wave and bilateral electrode placement. The ECT procedure
has been described in detail elsewhere [40]. Illness severity and the outcome of ECT were
assessed using the MADRS before the treatment (T0), the day after the end of ECT (T1) and
about 1 month after its end (T2). Patients were considered as responders if the MADRS
reduction was >50% at T1 or T2. In addition, symptom improvement at both time points
was defined as the % variation (Delta) of MADRS score compared to baseline computed as
(((T2 score or T1 score) − T0 score)/T0 score) × 100. Patients were considered remitters if
they presented a MADRS score ≤ 10 at T2.

LTL measured in patients with TRD was compared with LTL from 336 healthy controls
without any personal or family history of psychiatric conditions recruited at the Lithium
Clinic of the Clinical Psychopharmacology Centre of the University Hospital of Cagliari.
The research protocol was approved by the local Ethics Committee of the University of
Cagliari, Italy. All participants signed informed written consent after a detailed description
of the study procedures.

4.2. DNA Extraction

Genomic DNA was extracted from whole blood samples of 149 TRD patients using
the Gentra Puregene Blood kit (Qiagen, Hilden, Germany), according to the manufacturer’s
instructions. DNA quantification and quality evaluation were performed through spec-
trophotometric analysis (NanoDrop 2000, Thermo Scientific, Waltham, MA, USA). For
non-psychiatric controls, genomic DNA was extracted from peripheral blood leukocytes
using the salting-out method [98].

4.3. Measurements of Leukocyte Telomere Length with Quantitative PCR

Relative LTL was assessed according to the quantitative PCR (q-PCR) method as
previously described [99]. Samples were processed in triplicates both for the telom-
ere (Tel) and for the single-copy gene (hemoglobin-b, Hgb) using Platinum® SYBR®

Green qPCR SuperMix-UDG w/ROX (Thermo Fisher Scientific, Waltham, MA, USA)
on a StepOnePlus ™ Real-Time PCR System (Thermo Fisher Scientific). Primer sequences
were as follows: Tel-1, 5′-GGTTTTTGAGGGTGAGGGTGAGGGTGAGGGTGAGGGT-3′,
Tel-2, 5′-TCCCGACTATCCCTATCCCTATCCCTATCCCTATCCCTA-3′; Hgb1, 5′-GCTTCT-
GACACAACTGTGTTCACTAGC-3′, Hgb2, 5′-CACCAACTTCATCCACGTTCACC-3′. The
PCR temperature conditions were 95 ◦C for 3 min followed by 28 cycles of 95 ◦C for 15 s
and 60 ◦C for 1 min for Tel; 95 ◦C for 3 min followed by 32 cycles of 95 ◦C for 15 s and
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60 ◦C for 1 min for Hgb. Specificity was assessed through the dissociation curve included
in each plate. A control sample was included in each plate as a calibrator and LTL was
calculated using the 2−∆∆CT method where ∆∆CT = ∆CT sample − ∆CT calibrator and
∆CT sample = CT Tel − CT Hgb.

4.4. Statistical Analysis

Normality of distribution was assessed using the Shapiro-Wilk test. Grubb’s test was
used to identify outliers. The association between LTL and quantitative or categorical
variables was assessed using Spearman’s correlation test or Mann-Whitney’s U test, respec-
tively. In addition, we conducted analyses adjusted for age using partial correlation test
or rank analyses of covariance (Quade’s test) to analyze the association between LTL and
quantitative or categorical variables, respectively. Since patients and controls showed a
significant difference in age, and this factor is known to be associated with LTL, we also
repeated the analyses in a subsample of patients and controls matched using the Case
Control Matching function in SPSS v. 26. A tolerance factor of 3 years was applied (this
number was found to be the one able to minimize the loss of cases while still obtaining
two subsamples of cases and controls that did not show a significant difference in age).
Stratified analyses were conducted based on psychiatric diagnosis (BD or MDD) as well
as based on treatment with the high-potency benzodiazepine clonazepam, that has been
shown to negatively affect seizure quality in patients treated with ECT [80]. Analyses were
conducted using GraphPad Prism v. 9 and SPSS v. 26. A flowchart of the study was created
using BioRender (Figure 1).

4.5. Analysis of GWAS Data

For 107 TRD patients with LTL data, genome-wide genotyping data were available.
Ninety-five patients were genotyped using Infinium Multi-Ethnic Genotyping Array,
whereas twelve patients with the Infinium PsychArray-24 BeadChip (Illumina, San Diego,
CA, USA). Quality control (QC) was performed for each dataset with PLINK v. 1.9 [100]
in order to exclude SNPs with a minor allele frequency (MAF) < 0.05, a Hardy-Weinberg
equilibrium (HWE) p-value < 1× 10−6, and a call rate < 0.95; also, individuals with unusual
heterozygosity (<0.20 or >0.40), a call rate < 0.99, cryptic relatedness (p_hat > 0.20) and sex
discrepancy were removed. Imputation was performed based on the 1000 Genome data
(Phase 3 Version 5) reference panel using Minimac 3 software through the Michigan Impu-
tation Server, that provides genotype imputation service and an extensive quality controls
check for all uploaded datasets [101]. After imputation, only biallelic variants with R2 ≥ 0.5,
a genotype posterior probability (GP) > 0.9, MAF > 0.01 and in HWE (p > 1 × 10−6) were
retained for statistical analyses. The single datasets were then merged together to generate
one dataset including all cases. To reduce the batch effect due to multiple platforms, we
removed from both datasets any SNPs showing significant association (FDR < 0.05) with
the genotyping batch. Finally, we removed outlier individuals based on the inspection of
the first 5 genotyping principal components (PCs) computed using PLINK v. 1.9.

The association between single nucleotide polymorphisms and categorical (response
at T1 or T2) or quantitative variables (Delta MADRS % T0-T1, Delta MADRS % T0-T2 or
LTL) was analyzed using binary logistic or linear regression, respectively, using PLINK
v. 1.9 [100]. Analyses were also conducted at a gene-based level using MAGMA on the
FUMA platform [102].

We also checked whether SNPs associated with LTL in previous studies were asso-
ciated with LTL or response to ECT in our sample. To this aim, we selected 60 SNPs
associated with LTL in previous publications [59–61], 22 of which were represented in
our dataset (Supplementary Table S5). Using the hypergeometric test, we also checked if
SNPs/genes nominally associated with LTL showed over-representation of SNPs/genes
nominally associated with response to ECT.
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responders and non-responders to ECT in patients with TRD stratified based on psychiatric diagnosis;
Table S3: Comparison of LTL between responders and non-responders to ECT in patients with TRD
stratified based on intake of clonazepam; Table S4: Assessment of overrepresentation between SNPs
and genes associated with response to ECT and LTL; Table S5: Association between SNP previously
associated with LTL and response to ECT.

Author Contributions: Conceptualization, C.P., A.M. (Alessandra Minelli) and A.S.; methodology,
E.V., A.M. (Anna Meloni) and D.C; formal analysis, C.P. and A.S.; investigation, G.S., R.A., C.C., L.T.
and M.B.; writing—original draft preparation, C.P., A.M. (Anna Meloni), A.M. (Alessandra Minelli)
and A.S.; writing—review and editing, E.V., D.C., G.S., R.A., C.C., L.T., M.B. and M.G.; supervision,
M.G., A.M. (Alessandra Minelli) and A.S. All authors have read and agreed to the published version
of the manuscript.

Funding: This research was funded by the Autonomous Region of Sardinia (“Legge Regionale 7
agosto 2007, n. 7–call 2017”), grant number RASSR57271 and by Fondo integrativo per la ricerca
(Fir)-Annualità 2019 and 2020. CP gratefully acknowledges Sardinian Regional Government for
the financial support of her PhD scholarship (P.O.R. Sardegna F.S.E.-Operational Programme of the
Autonomous Region of Sardinia, European Social Fund 2014-2020-Axis III Education and training,
Thematic goal 10, Investment Priority 10ii), Specific goal 10.5.

Institutional Review Board Statement: The study was conducted according to the guidelines of the
Declaration of Helsinki, and approved by the Ethics Committee of the province of Verona (approval
number: 4997/09.11.01) and Ethics Committee of the University of Cagliari, Italy (approval number:
348/FC/2013).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: Data available upon request from the authors.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Akvardar, Y.; Akdede, B.B.; Ozerdem, A.; Eser, E.; Topkaya, S.; Alptekin, K. Assessment of quality of life with the WHOQOL-BREF

in a group of Turkish psychiatric patients compared with diabetic and healthy subjects. Psychiatry Clin. Neurosci. 2006, 60, 693–699.
[CrossRef]

2. Hayes, J.F.; Miles, J.; Walters, K.; King, M.; Osborn, D.P. A systematic review and meta-analysis of premature mortality in bipolar
affective disorder. Acta Psychiatr. Scand. 2015, 131, 417–425. [CrossRef]

3. Skevington, S.M.; McCrate, F.M. Expecting a good quality of life in health: Assessing people with diverse diseases and conditions
using the WHOQOL-BREF. Health Expect. 2012, 15, 49–62. [CrossRef]

4. Kessler, R.C.; Bromet, E.J. The epidemiology of depression across cultures. Annu. Rev. Public Health 2013, 34, 119–138. [CrossRef]
5. Merikangas, K.R.; Jin, R.; He, J.P.; Kessler, R.C.; Lee, S.; Sampson, N.A.; Viana, M.C.; Andrade, L.H.; Hu, C.; Karam, E.G.; et al.

Prevalence and correlates of bipolar spectrum disorder in the world mental health survey initiative. Arch. Gen. Psychiatry 2011,
68, 241–251. [CrossRef] [PubMed]

6. De Hert, M.; Dekker, J.M.; Wood, D.; Kahl, K.G.; Holt, R.I.; Moller, H.J. Cardiovascular disease and diabetes in people with severe
mental illness position statement from the European Psychiatric Association (EPA), supported by the European Association for
the Study of Diabetes (EASD) and the European Society of Cardiology (ESC). Eur. Psychiatry 2009, 24, 412–424. [CrossRef]

7. WHO Report. Available online: http://www.euro.who.int/__data/assets/pdf_file/0009/342297/Comorbidity-report_E-web.pdf
(accessed on 25 April 2021).

8. Gonda, X.; Pompili, M.; Serafini, G.; Montebovi, F.; Campi, S.; Dome, P.; Duleba, T.; Girardi, P.; Rihmer, Z. Suicidal behavior in
bipolar disorder: Epidemiology, characteristics and major risk factors. J. Affect. Disord. 2012, 143, 16–26. [CrossRef]

9. Large, M. Study on suicide risk assessment in mental illness underestimates inpatient suicide risk. BMJ 2016, 532, i267. [CrossRef]
10. Tondo, L.; Pompili, M.; Forte, A.; Baldessarini, R.J. Suicide attempts in bipolar disorders: Comprehensive review of 101 reports.

Acta Psychiatr. Scand. 2016, 133, 174–186. [CrossRef]
11. Fountoulakis, K.N.; Vieta, E.; Siamouli, M.; Valenti, M.; Magiria, S.; Oral, T.; Fresno, D.; Giannakopoulos, P.; Kaprinis, G.S.

Treatment of bipolar disorder: A complex treatment for a multi-faceted disorder. Ann. Gen. Psychiatry 2007, 6, 27. [CrossRef]
12. Geddes, J.R.; Miklowitz, D.J. Treatment of bipolar disorder. Lancet 2013, 381, 1672–1682. [CrossRef]

https://www.mdpi.com/article/10.3390/jpm11111100/s1
https://www.mdpi.com/article/10.3390/jpm11111100/s1
http://doi.org/10.1111/j.1440-1819.2006.01584.x
http://doi.org/10.1111/acps.12408
http://doi.org/10.1111/j.1369-7625.2010.00650.x
http://doi.org/10.1146/annurev-publhealth-031912-114409
http://doi.org/10.1001/archgenpsychiatry.2011.12
http://www.ncbi.nlm.nih.gov/pubmed/21383262
http://doi.org/10.1016/j.eurpsy.2009.01.005
http://www.euro.who.int/__data/assets/pdf_file/0009/342297/Comorbidity-report_E-web.pdf
http://doi.org/10.1016/j.jad.2012.04.041
http://doi.org/10.1136/bmj.i267
http://doi.org/10.1111/acps.12517
http://doi.org/10.1186/1744-859X-6-27
http://doi.org/10.1016/S0140-6736(13)60857-0


J. Pers. Med. 2021, 11, 1100 11 of 14

13. Nestsiarovich, A.; Kumar, P.; Lauve, N.R.; Hurwitz, N.G.; Mazurie, A.J.; Cannon, D.C.; Zhu, Y.; Nelson, S.J.; Crisanti, A.S.;
Kerner, B.; et al. Using Machine Learning Imputed Outcomes to Assess Drug-Dependent Risk of Self-Harm in Patients with
Bipolar Disorder: A Comparative Effectiveness Study. JMIR Ment. Health 2021, 8, e24522. [CrossRef]

14. Pacchiarotti, I.; Bond, D.J.; Baldessarini, R.J.; Nolen, W.A.; Grunze, H.; Licht, R.W.; Post, R.M.; Berk, M.; Goodwin, G.M.; Sachs,
G.S.; et al. The International Society for Bipolar Disorders (ISBD) task force report on antidepressant use in bipolar disorders. Am.
J. Psychiatry 2013, 170, 1249–1262. [CrossRef]

15. Vazquez, G.; Tondo, L.; Baldessarini, R.J. Comparison of antidepressant responses in patients with bipolar vs. unipolar depression:
A meta-analytic review. Pharmacopsychiatry 2011, 44, 21–26. [CrossRef]

16. Fergusson, D.; Doucette, S.; Glass, K.C.; Shapiro, S.; Healy, D.; Hebert, P.; Hutton, B. Association between suicide attempts and
selective serotonin reuptake inhibitors: Systematic review of randomised controlled trials. BMJ 2005, 330, 396. [CrossRef]

17. McElroy, S.L.; Kotwal, R.; Kaneria, R.; Keck, P.E., Jr. Antidepressants and suicidal behavior in bipolar disorder. Bipolar Disord.
2006, 8, 596–617. [CrossRef]

18. InformedHealth.org. Depression: How Effective Are Antidepressants? Available online: https://www.ncbi.nlm.nih.gov/books/
NBK361016/ (accessed on 1 September 2021).

19. Rush, A.J.; Trivedi, M.H.; Wisniewski, S.R.; Nierenberg, A.A.; Stewart, J.W.; Warden, D.; Niederehe, G.; Thase, M.E.; Lavori, P.W.;
Lebowitz, B.D.; et al. Acute and longer-term outcomes in depressed outpatients requiring one or several treatment steps: A
STAR*D report. Am. J. Psychiatry 2006, 163, 1905–1917. [CrossRef]

20. Fountoulakis, K.N. Refractoriness in bipolar disorder: Definitions and evidence-based treatment. CNS Neurosci. Ther. 2012, 18,
227–237. [CrossRef]

21. Thase, M.E.; Rush, A.J. When at first you don’t succeed: Sequential strategies for antidepressant nonresponders. J. Clin. Psychiatry
1997, 58 (Suppl. 13), 23–29.

22. Al-Harbi, K.S. Treatment-resistant depression: Therapeutic trends, challenges, and future directions. Patient Prefer. Adherence
2012, 6, 369–388. [CrossRef]

23. Khan, A.; Brown, W.A. Antidepressants versus placebo in major depression: An overview. World Psychiatry 2015, 14, 294–300.
[CrossRef]

24. Tondo, L.; Vazquez, G.H.; Baldessarini, R.J. Options for pharmacological treatment of refractory bipolar depression. Curr.
Psychiatry Rep. 2014, 16, 431. [CrossRef]

25. Reus, G.Z.; de Moura, A.B.; Borba, L.A.; Abelaira, H.M.; Quevedo, J. Strategies for Treatment-Resistant Depression: Lessons
Learned from Animal Models. Mol. Neuropsychiatry 2019, 5, 178–189. [CrossRef]

26. American Psychiatric Association. Task Force on Electroconvulsive, T. The Practice of ECT: Recommendations for Treatment,
Training and Privileging. Convuls. Ther. 1990, 6, 85–120.

27. O’Leary, D.; Paykel, E.; Todd, C.; Vardulaki, K. Suicide in primary affective disorders revisited: A systematic review by treatment
era. J. Clin. Psychiatry 2001, 62, 804–811. [CrossRef] [PubMed]

28. Sinclair, D.J.; Zhao, S.; Qi, F.; Nyakyoma, K.; Kwong, J.S.; Adams, C.E. Electroconvulsive therapy for treatment-resistant
schizophrenia. Cochrane Database Syst. Rev. 2019, 3, CD011847. [CrossRef] [PubMed]

29. Francis, A.; Fink, M. ECT response in catatonia. Am. J. Psychiatry 1992, 149, 581–582. [CrossRef]
30. Duthie, A.C.; Perrin, J.S.; Bennett, D.M.; Currie, J.; Reid, I.C. Anticonvulsant Mechanisms of Electroconvulsive Therapy and

Relation to Therapeutic Efficacy. J. ECT 2015, 31, 173–178. [CrossRef]
31. Tsoukalas, I. How does ECT work? A new explanatory model and suggestions for non-convulsive applications. Med. Hypotheses

2020, 145, 110337. [CrossRef]
32. Beale, M.D.; Kellner, C.H. ECT in treatment algorithms: No need to save the best for last. J. ECT 2000, 16, 1–2. [CrossRef]
33. Esel, E.; Kose, K.; Hacimusalar, Y.; Ozsoy, S.; Kula, M.; Candan, Z.; Turan, T. The effects of electroconvulsive therapy on

GABAergic function in major depressive patients. J. ECT 2008, 24, 224–228. [CrossRef] [PubMed]
34. Heninger, G.R.; Delgado, P.L.; Charney, D.S. The revised monoamine theory of depression: A modulatory role for monoamines,

based on new findings from monoamine depletion experiments in humans. Pharmacopsychiatry 1996, 29, 2–11. [CrossRef]
[PubMed]

35. Pfleiderer, B.; Michael, N.; Erfurth, A.; Ohrmann, P.; Hohmann, U.; Wolgast, M.; Fiebich, M.; Arolt, V.; Heindel, W. Effective
electroconvulsive therapy reverses glutamate/glutamine deficit in the left anterior cingulum of unipolar depressed patients.
Psychiatry Res. 2003, 122, 185–192. [CrossRef]

36. Haskett, R.F. Electroconvulsive therapy’s mechanism of action: Neuroendocrine hypotheses. J. ECT 2014, 30, 107–110. [CrossRef]
[PubMed]

37. Maffioletti, E.; Gennarelli, M.; Gainelli, G.; Bocchio-Chiavetto, L.; Bortolomasi, M.; Minelli, A. BDNF Genotype and Baseline
Serum Levels in Relation to Electroconvulsive Therapy Effectiveness in Treatment-Resistant Depressed Patients. J. ECT 2019, 35,
189–194. [CrossRef] [PubMed]

38. Michael, N.; Erfurth, A.; Ohrmann, P.; Arolt, V.; Heindel, W.; Pfleiderer, B. Neurotrophic effects of electroconvulsive therapy: A
proton magnetic resonance study of the left amygdalar region in patients with treatment-resistant depression. Neuropsychopharma-
cology 2003, 28, 720–725. [CrossRef]

39. Zheng, W.; Cen, Q.; Nie, S.; Li, M.; Zeng, R.; Zhou, S.; Cai, D.; Jiang, M.; Huang, X. Serum BDNF levels and the antidepressant
effects of electroconvulsive therapy with ketamine anaesthesia: A preliminary study. PeerJ 2021, 9, e10699. [CrossRef]

http://doi.org/10.2196/24522
http://doi.org/10.1176/appi.ajp.2013.13020185
http://doi.org/10.1055/s-0030-1265198
http://doi.org/10.1136/bmj.330.7488.396
http://doi.org/10.1111/j.1399-5618.2006.00348.x
https://www.ncbi.nlm.nih.gov/books/NBK361016/
https://www.ncbi.nlm.nih.gov/books/NBK361016/
http://doi.org/10.1176/ajp.2006.163.11.1905
http://doi.org/10.1111/j.1755-5949.2011.00259.x
http://doi.org/10.2147/PPA.S29716
http://doi.org/10.1002/wps.20241
http://doi.org/10.1007/s11920-013-0431-y
http://doi.org/10.1159/000500324
http://doi.org/10.4088/JCP.v62n1009
http://www.ncbi.nlm.nih.gov/pubmed/11816870
http://doi.org/10.1002/14651858.CD011847.pub2
http://www.ncbi.nlm.nih.gov/pubmed/30888709
http://doi.org/10.1176/ajp.149.4.581-b
http://doi.org/10.1097/YCT.0000000000000210
http://doi.org/10.1016/j.mehy.2020.110337
http://doi.org/10.1097/00124509-200003000-00001
http://doi.org/10.1097/YCT.0b013e31815cbaa1
http://www.ncbi.nlm.nih.gov/pubmed/18562944
http://doi.org/10.1055/s-2007-979535
http://www.ncbi.nlm.nih.gov/pubmed/8852528
http://doi.org/10.1016/S0925-4927(03)00003-9
http://doi.org/10.1097/YCT.0000000000000143
http://www.ncbi.nlm.nih.gov/pubmed/24800689
http://doi.org/10.1097/YCT.0000000000000583
http://www.ncbi.nlm.nih.gov/pubmed/30994478
http://doi.org/10.1038/sj.npp.1300085
http://doi.org/10.7717/peerj.10699


J. Pers. Med. 2021, 11, 1100 12 of 14

40. Minelli, A.; Zanardini, R.; Abate, M.; Bortolomasi, M.; Gennarelli, M.; Bocchio-Chiavetto, L. Vascular Endothelial Growth
Factor (VEGF) serum concentration during electroconvulsive therapy (ECT) in treatment resistant depressed patients. Prog.
Neuropsychopharmacol. Biol. Psychiatry 2011, 35, 1322–1325. [CrossRef]

41. Guloksuz, S.; Rutten, B.P.; Arts, B.; van Os, J.; Kenis, G. The immune system and electroconvulsive therapy for depression. J. ECT
2014, 30, 132–137. [CrossRef]

42. Nobler, M.S.; Sackeim, H.A. Neurobiological correlates of the cognitive side effects of electroconvulsive therapy. J. ECT 2008, 24,
40–45. [CrossRef]

43. Nordanskog, P.; Dahlstrand, U.; Larsson, M.R.; Larsson, E.M.; Knutsson, L.; Johanson, A. Increase in hippocampal volume after
electroconvulsive therapy in patients with depression: A volumetric magnetic resonance imaging study. J. ECT 2010, 26, 62–67.
[CrossRef] [PubMed]

44. Fink, M. Electroconvulsive Therapy; American Psychiatric Press: Washington, DC, USA, 1998.
45. Vann Jones, S.; McCollum, R. Subjective memory complaints after electroconvulsive therapy: Systematic review. BJPsych Bull.

2019, 43, 73–80. [CrossRef]
46. Baldinger, P.; Lotan, A.; Frey, R.; Kasper, S.; Lerer, B.; Lanzenberger, R. Neurotransmitters and electroconvulsive therapy. J. ECT

2014, 30, 116–121. [CrossRef] [PubMed]
47. Gazdag, G.; Ungvari, G.S. Electroconvulsive therapy: 80 years old and still going strong. World J. Psychiatry 2019, 9, 1–6.

[CrossRef]
48. Belge, J.B.; van Diermen, L.; Sabbe, B.; Parizel, P.; Morrens, M.; Coppens, V.; Constant, E.; de Timary, P.; Sienaert, P.; Schrijvers,

D.; et al. Inflammation, Hippocampal Volume, and Therapeutic Outcome following Electroconvulsive Therapy in Depressive
Patients: A Pilot Study. Neuropsychobiology 2020, 79, 222–232. [CrossRef]

49. Yrondi, A.; Sporer, M.; Peran, P.; Schmitt, L.; Arbus, C.; Sauvaget, A. Electroconvulsive therapy, depression, the immune system
and inflammation: A systematic review. Brain Stimul. 2018, 11, 29–51. [CrossRef]

50. Bauer, M.E.; Teixeira, A.L. Inflammation in psychiatric disorders: What comes first? Ann. N. Y. Acad. Sci. 2019, 1437, 57–67.
[CrossRef] [PubMed]

51. Felger, J.C. Imaging the Role of Inflammation in Mood and Anxiety-related Disorders. Curr. Neuropharmacol. 2018, 16, 533–558.
[CrossRef]

52. Pfau, M.L.; Menard, C.; Russo, S.J. Inflammatory Mediators in Mood Disorders: Therapeutic Opportunities. Annu. Rev. Pharmacol.
Toxicol. 2018, 58, 411–428. [CrossRef]

53. Zhang, J.; Rane, G.; Dai, X.; Shanmugam, M.K.; Arfuso, F.; Samy, R.P.; Lai, M.K.; Kappei, D.; Kumar, A.P.; Sethi, G. Ageing and the
telomere connection: An intimate relationship with inflammation. Ageing Res. Rev. 2016, 25, 55–69. [CrossRef] [PubMed]

54. Squassina, A.; Manchia, M.; Pisanu, C.; Ardau, R.; Arzedi, C.; Bocchetta, A.; Caria, P.; Cocco, C.; Congiu, D.; Cossu, E.;
et al. Telomere attrition and inflammatory load in severe psychiatric disorders and in response to psychotropic medications.
Neuropsychopharmacology 2020, 45, 2229–2238. [CrossRef]

55. Blackburn, E.H. Telomere states and cell fates. Nature 2000, 408, 53–56. [CrossRef]
56. Monaghan, P. Telomeres and life histories: The long and the short of it. Ann. N. Y. Acad. Sci. 2010, 1206, 130–142. [CrossRef]
57. Calado, R.T. Telomeres and marrow failure. Hematol. Am. Soc. Hematol. Educ. Program 2009, 2009, 338–343. [CrossRef]
58. Hayflick, L. Recent advances in the cell biology of aging. Mech. Ageing Dev. 1980, 14, 59–79. [CrossRef]
59. Li, C.; Stoma, S.; Lotta, L.A.; Warner, S.; Albrecht, E.; Allione, A.; Arp, P.P.; Broer, L.; Buxton, J.L.; Da Silva Couto Alves, A.; et al.

Genome-wide Association Analysis in Humans Links Nucleotide Metabolism to Leukocyte Telomere Length. Am. J. Hum. Genet.
2020, 106, 389–404. [CrossRef]

60. Mangino, M.; Christiansen, L.; Stone, R.; Hunt, S.C.; Horvath, K.; Eisenberg, D.T.; Kimura, M.; Petersen, I.; Kark, J.D.; Herbig, U.;
et al. DCAF4, a novel gene associated with leucocyte telomere length. J. Med. Genet. 2015, 52, 157–162. [CrossRef] [PubMed]

61. Codd, V.; Nelson, C.P.; Albrecht, E.; Mangino, M.; Deelen, J.; Buxton, J.L.; Hottenga, J.J.; Fischer, K.; Esko, T.; Surakka, I.; et al.
Identification of seven loci affecting mean telomere length and their association with disease. Nat. Genet. 2013, 45, 422–427,
427e1-2. [CrossRef] [PubMed]

62. Wei, Y.B.; Martinsson, L.; Liu, J.J.; Forsell, Y.; Schalling, M.; Backlund, L.; Lavebratt, C. hTERT genetic variation in depression. J.
Affect. Disord. 2016, 189, 62–69. [CrossRef]

63. Aubert, G.; Lansdorp, P.M. Telomeres and aging. Physiol. Rev. 2008, 88, 557–579. [CrossRef] [PubMed]
64. Manoliu, A.; Bosch, O.G.; Brakowski, J.; Bruhl, A.B.; Seifritz, E. The potential impact of biochemical mediators on telomere

attrition in major depressive disorder and implications for future study designs: A narrative review. J. Affect. Disord. 2018, 225,
630–646. [CrossRef]

65. Bodelon, C.; Savage, S.A.; Gadalla, S.M. Telomeres in molecular epidemiology studies. Prog. Mol. Biol. Transl. Sci. 2014, 125,
113–131. [CrossRef]

66. Pisanu, C.; Tsermpini, E.E.; Skokou, M.; Kordou, Z.; Gourzis, P.; Assimakopoulos, K.; Congiu, D.; Meloni, A.; Balasopoulos, D.;
Patrinos, G.P.; et al. Leukocyte telomere length is reduced in patients with major depressive disorder. Drug Dev. Res. 2020, 81,
268–273. [CrossRef]

67. Simon, N.M.; Smoller, J.W.; McNamara, K.L.; Maser, R.S.; Zalta, A.K.; Pollack, M.H.; Nierenberg, A.A.; Fava, M.; Wong, K.K.
Telomere shortening and mood disorders: Preliminary support for a chronic stress model of accelerated aging. Biol. Psychiatry
2006, 60, 432–435. [CrossRef]

http://doi.org/10.1016/j.pnpbp.2011.04.013
http://doi.org/10.1097/YCT.0000000000000127
http://doi.org/10.1097/YCT.0b013e31815d6957
http://doi.org/10.1097/YCT.0b013e3181a95da8
http://www.ncbi.nlm.nih.gov/pubmed/20190603
http://doi.org/10.1192/bjb.2018.45
http://doi.org/10.1097/YCT.0000000000000138
http://www.ncbi.nlm.nih.gov/pubmed/24820941
http://doi.org/10.5498/wjp.v9.i1.1
http://doi.org/10.1159/000506133
http://doi.org/10.1016/j.brs.2017.10.013
http://doi.org/10.1111/nyas.13712
http://www.ncbi.nlm.nih.gov/pubmed/29752710
http://doi.org/10.2174/1570159X15666171123201142
http://doi.org/10.1146/annurev-pharmtox-010617-052823
http://doi.org/10.1016/j.arr.2015.11.006
http://www.ncbi.nlm.nih.gov/pubmed/26616852
http://doi.org/10.1038/s41386-020-00844-z
http://doi.org/10.1038/35040500
http://doi.org/10.1111/j.1749-6632.2010.05705.x
http://doi.org/10.1182/asheducation-2009.1.338
http://doi.org/10.1016/0047-6374(80)90106-2
http://doi.org/10.1016/j.ajhg.2020.02.006
http://doi.org/10.1136/jmedgenet-2014-102681
http://www.ncbi.nlm.nih.gov/pubmed/25624462
http://doi.org/10.1038/ng.2528
http://www.ncbi.nlm.nih.gov/pubmed/23535734
http://doi.org/10.1016/j.jad.2015.09.025
http://doi.org/10.1152/physrev.00026.2007
http://www.ncbi.nlm.nih.gov/pubmed/18391173
http://doi.org/10.1016/j.jad.2017.08.022
http://doi.org/10.1016/B978-0-12-397898-1.00005-0
http://doi.org/10.1002/ddr.21612
http://doi.org/10.1016/j.biopsych.2006.02.004


J. Pers. Med. 2021, 11, 1100 13 of 14

68. Tyrka, A.R.; Parade, S.H.; Price, L.H.; Kao, H.T.; Porton, B.; Philip, N.S.; Welch, E.S.; Carpenter, L.L. Alterations of Mitochondrial
DNA Copy Number and Telomere Length With Early Adversity and Psychopathology. Biol. Psychiatry 2016, 79, 78–86. [CrossRef]

69. Vance, M.C.; Bui, E.; Hoeppner, S.S.; Kovachy, B.; Prescott, J.; Mischoulon, D.; Walton, Z.E.; Dong, M.; Nadal, M.F.;
Worthington, J.J.; et al. Prospective association between major depressive disorder and leukocyte telomere length over two years.
Psychoneuroendocrinology 2018, 90, 157–164. [CrossRef] [PubMed]

70. Schutte, N.S.; Malouff, J.M. The association between depression and leukocyte telomere length: A meta-analysis. Depress. Anxiety
2015, 32, 229–238. [CrossRef] [PubMed]

71. Elvsashagen, T.; Vera, E.; Boen, E.; Bratlie, J.; Andreassen, O.A.; Josefsen, D.; Malt, U.F.; Blasco, M.A.; Boye, B. The load of short
telomeres is increased and associated with lifetime number of depressive episodes in bipolar II disorder. J. Affect. Disord. 2011,
135, 43–50. [CrossRef] [PubMed]

72. Lima, I.M.; Barros, A.; Rosa, D.V.; Albuquerque, M.; Malloy-Diniz, L.; Neves, F.S.; Romano-Silva, M.A.; de Miranda, D.M.
Analysis of telomere attrition in bipolar disorder. J. Affect. Disord. 2015, 172, 43–47. [CrossRef]

73. Vasconcelos-Moreno, M.P.; Fries, G.R.; Gubert, C.; Dos Santos, B.; Fijtman, A.; Sartori, J.; Ferrari, P.; Grun, L.K.; Parisi, M.M.;
Guma, F.; et al. Telomere Length, Oxidative Stress, Inflammation and BDNF Levels in Siblings of Patients with Bipolar Disorder:
Implications for Accelerated Cellular Aging. Int. J. Neuropsychopharmacol. 2017, 20, 445–454. [CrossRef]

74. Huang, Y.C.; Wang, L.J.; Tseng, P.T.; Hung, C.F.; Lin, P.Y. Leukocyte telomere length in patients with bipolar disorder: An updated
meta-analysis and subgroup analysis by mood status. Psychiatry Res. 2018, 270, 41–49. [CrossRef]

75. Martinsson, L.; Wei, Y.; Xu, D.; Melas, P.A.; Mathe, A.A.; Schalling, M.; Lavebratt, C.; Backlund, L. Long-term lithium treatment in
bipolar disorder is associated with longer leukocyte telomeres. Transl. Psychiatry 2013, 3, e261. [CrossRef] [PubMed]

76. Squassina, A.; Pisanu, C.; Congiu, D.; Caria, P.; Frau, D.; Niola, P.; Melis, C.; Baggiani, G.; Lopez, J.P.; Cruceanu, C.; et al. Leukocyte
telomere length positively correlates with duration of lithium treatment in bipolar disorder patients. Eur. Neuropsychopharmacol.
2016, 26, 1241–1247. [CrossRef] [PubMed]

77. Pisanu, C.; Congiu, D.; Manchia, M.; Caria, P.; Cocco, C.; Dettori, T.; Frau, D.V.; Manca, E.; Meloni, A.; Nieddu, M.; et al. Differences
in telomere length between patients with bipolar disorder and controls are influenced by lithium treatment. Pharmacogenomics
2020, 21, 533–540. [CrossRef]

78. Hough, C.M.; Bersani, F.S.; Mellon, S.H.; Epel, E.S.; Reus, V.I.; Lindqvist, D.; Lin, J.; Mahan, L.; Rosser, R.; Burke, H.; et al.
Leukocyte telomere length predicts SSRI response in major depressive disorder: A preliminary report. Mol. Neuropsychiatry 2016,
2, 88–96. [CrossRef] [PubMed]

79. Ryan, K.M.; McLoughlin, D.M. Telomere length in depression and association with therapeutic response to electroconvulsive
therapy and cognitive side-effects. Psychol. Med. 2020, 50, 2096–2106. [CrossRef] [PubMed]

80. Minelli, A.; Abate, M.; Zampieri, E.; Gainelli, G.; Trabucchi, L.; Segala, M.; Sartori, R.; Gennarelli, M.; Conca, A.; Bortolomasi, M.
Seizure Adequacy Markers and the Prediction of Electroconvulsive Therapy Response. J. ECT 2016, 32, 88–92. [CrossRef]

81. Muneer, A.; Minhas, F.A. Telomere Biology in Mood Disorders: An Updated, Comprehensive Review of the Literature. Clin.
Psychopharmacol. Neurosci. 2019, 17, 343–363. [CrossRef]

82. Hartmann, N.; Boehner, M.; Groenen, F.; Kalb, R. Telomere length of patients with major depression is shortened but independent
from therapy and severity of the disease. Depress. Anxiety 2010, 27, 1111–1116. [CrossRef]

83. Mendes-Silva, A.P.; Vieira, E.L.M.; Xavier, G.; Barroso, L.S.S.; Bertola, L.; Martins, E.A.R.; Brietzke, E.M.; Belangero, S.I.N.;
Diniz, B.S. Telomere shortening in late-life depression: A potential marker of depression severity. Brain Behav. 2021, 11, e2255.
[CrossRef]

84. Gao, X.; Li, S.; Dong, S.; Li, J.; Yan, Y.; Zhang, T.; Chen, W. Association between Body Weight and Telomere Length is Predominantly
Mediated through C-Reactive Protein. J. Clin. Endocrinol. Metab. 2021, 106, e4634–e4640. [CrossRef]

85. The Telomeres Mendelian Randomization Collaboration; Haycock, P.C.; Burgess, S.; Nounu, A.; Zheng, J.; Okoli, G.N.; Bowden, J.;
Wade, K.H.; Timpson, N.J.; Evans, D.M.; et al. Association Between Telomere Length and Risk of Cancer and Non-Neoplastic
Diseases: A Mendelian Randomization Study. JAMA Oncol. 2017, 3, 636–651. [CrossRef] [PubMed]

86. Wium-Andersen, M.K.; Orsted, D.D.; Rode, L.; Bojesen, S.E.; Nordestgaard, B.G. Telomere length and depression: Prospective
cohort study and Mendelian randomisation study in 67 306 individuals. Br. J. Psychiatry 2017, 210, 31–38. [CrossRef]

87. Verhoeven, J.E.; Penninx, B.; Milaneschi, Y. Unraveling the association between depression and telomere length using genomics.
Psychoneuroendocrinology 2019, 102, 121–127. [CrossRef] [PubMed]

88. Demanelis, K.; Jasmine, F.; Chen, L.S.; Chernoff, M.; Tong, L.; Delgado, D.; Zhang, C.; Shinkle, J.; Sabarinathan, M.; Lin, H.; et al.
Determinants of telomere length across human tissues. Science 2020, 369, eaaz6876. [CrossRef]

89. Gampawar, P.; Schmidt, R.; Schmidt, H. Leukocyte Telomere Length Is Related to Brain Parenchymal Fraction and Atten-
tion/Speed in the Elderly: Results of the Austrian Stroke Prevention Study. Front. Psychiatry 2020, 11, 100. [CrossRef]

90. King, K.S.; Kozlitina, J.; Rosenberg, R.N.; Peshock, R.M.; McColl, R.W.; Garcia, C.K. Effect of leukocyte telomere length on total
and regional brain volumes in a large population-based cohort. JAMA Neurol. 2014, 71, 1247–1254. [CrossRef]

91. Haukvik, U.K.; Gurholt, T.P.; Nerland, S.; Elvsashagen, T.; Akudjedu, T.N.; Alda, M.; Alnaes, D.; Alonso-Lana, S.; Bauer, J.; Baune,
B.T.; et al. In vivo hippocampal subfield volumes in bipolar disorder-A mega-analysis from The Enhancing Neuro Imaging
Genetics through Meta-Analysis Bipolar Disorder Working Group. Hum. Brain Mapp. 2020. [CrossRef] [PubMed]

92. Fries, G.R.; Bauer, I.E.; Scaini, G.; Valvassori, S.S.; Walss-Bass, C.; Soares, J.C.; Quevedo, J. Accelerated hippocampal biological
aging in bipolar disorder. Bipolar Disord. 2020, 22, 498–507. [CrossRef]

http://doi.org/10.1016/j.biopsych.2014.12.025
http://doi.org/10.1016/j.psyneuen.2018.02.015
http://www.ncbi.nlm.nih.gov/pubmed/29499556
http://doi.org/10.1002/da.22351
http://www.ncbi.nlm.nih.gov/pubmed/25709105
http://doi.org/10.1016/j.jad.2011.08.006
http://www.ncbi.nlm.nih.gov/pubmed/21880373
http://doi.org/10.1016/j.jad.2014.09.043
http://doi.org/10.1093/ijnp/pyx001
http://doi.org/10.1016/j.psychres.2018.09.035
http://doi.org/10.1038/tp.2013.37
http://www.ncbi.nlm.nih.gov/pubmed/23695236
http://doi.org/10.1016/j.euroneuro.2016.03.020
http://www.ncbi.nlm.nih.gov/pubmed/27084304
http://doi.org/10.2217/pgs-2020-0028
http://doi.org/10.1159/000446500
http://www.ncbi.nlm.nih.gov/pubmed/27429957
http://doi.org/10.1017/S0033291719002228
http://www.ncbi.nlm.nih.gov/pubmed/31477194
http://doi.org/10.1097/YCT.0000000000000274
http://doi.org/10.9758/cpn.2019.17.3.343
http://doi.org/10.1002/da.20749
http://doi.org/10.1002/brb3.2255
http://doi.org/10.1210/clinem/dgab455
http://doi.org/10.1001/jamaoncol.2017.2316
http://www.ncbi.nlm.nih.gov/pubmed/28796865
http://doi.org/10.1192/bjp.bp.115.178798
http://doi.org/10.1016/j.psyneuen.2018.11.029
http://www.ncbi.nlm.nih.gov/pubmed/30544003
http://doi.org/10.1126/science.aaz6876
http://doi.org/10.3389/fpsyt.2020.00100
http://doi.org/10.1001/jamaneurol.2014.1926
http://doi.org/10.1002/hbm.25249
http://www.ncbi.nlm.nih.gov/pubmed/33073925
http://doi.org/10.1111/bdi.12876


J. Pers. Med. 2021, 11, 1100 14 of 14

93. Zhang, Y.; Wei, H.; Cronin, M.J.; He, N.; Yan, F.; Liu, C. Longitudinal atlas for normative human brain development and aging
over the lifespan using quantitative susceptibility mapping. Neuroimage 2018, 171, 176–189. [CrossRef]

94. Fredericks, C.A.; Brown, J.A.; Deng, J.; Kramer, A.; Ossenkoppele, R.; Rankin, K.; Kramer, J.H.; Miller, B.L.; Rabinovici, G.D.;
Seeley, W.W. Intrinsic connectivity networks in posterior cortical atrophy: A role for the pulvinar? Neuroimage Clin. 2019, 21,
101628. [CrossRef] [PubMed]

95. Penner, J.; Osuch, E.A.; Schaefer, B.; Theberge, J.; Neufeld, R.W.J.; Menon, R.S.; Rajakumar, N.; Bourne, J.A.; Williamson, P.C.
Higher order thalamic nuclei resting network connectivity in early schizophrenia and major depressive disorder. Psychiatry Res.
Neuroimaging 2018, 272, 7–16. [CrossRef]

96. Yu, J.; Kanchi, M.M.; Rawtaer, I.; Feng, L.; Kumar, A.P.; Kua, E.H.; Mahendran, R. The functional and structural connectomes of
telomere length and their association with cognition in mild cognitive impairment. Cortex 2020, 132, 29–40. [CrossRef]

97. Cotrena, C.; Branco, L.D.; Shansis, F.M.; Fonseca, R.P. Executive function impairments in depression and bipolar disorder:
Association with functional impairment and quality of life. J. Affect. Disord. 2016, 190, 744–753. [CrossRef] [PubMed]

98. Lahiri, D.K.; Nurnberger, J.I., Jr. A rapid non-enzymatic method for the preparation of HMW DNA from blood for RFLP studies.
Nucleic Acids Res. 1991, 19, 5444. [CrossRef] [PubMed]

99. Cawthon, R.M. Telomere measurement by quantitative PCR. Nucleic Acids Res. 2002, 30, e47. [CrossRef]
100. Chang, C.C.; Chow, C.C.; Tellier, L.C.; Vattikuti, S.; Purcell, S.M.; Lee, J.J. Second-generation PLINK: Rising to the challenge of

larger and richer datasets. Gigascience 2015, 4, 7. [CrossRef]
101. Das, S.; Forer, L.; Schonherr, S.; Sidore, C.; Locke, A.E.; Kwong, A.; Vrieze, S.I.; Chew, E.Y.; Levy, S.; McGue, M.; et al. Next-

generation genotype imputation service and methods. Nat. Genet. 2016, 48, 1284–1287. [CrossRef] [PubMed]
102. Watanabe, K.; Taskesen, E.; van Bochoven, A.; Posthuma, D. Functional mapping and annotation of genetic associations with

FUMA. Nat. Commun. 2017, 8, 1826. [CrossRef]

http://doi.org/10.1016/j.neuroimage.2018.01.008
http://doi.org/10.1016/j.nicl.2018.101628
http://www.ncbi.nlm.nih.gov/pubmed/30528957
http://doi.org/10.1016/j.pscychresns.2017.12.002
http://doi.org/10.1016/j.cortex.2020.08.006
http://doi.org/10.1016/j.jad.2015.11.007
http://www.ncbi.nlm.nih.gov/pubmed/26606718
http://doi.org/10.1093/nar/19.19.5444
http://www.ncbi.nlm.nih.gov/pubmed/1681511
http://doi.org/10.1093/nar/30.10.e47
http://doi.org/10.1186/s13742-015-0047-8
http://doi.org/10.1038/ng.3656
http://www.ncbi.nlm.nih.gov/pubmed/27571263
http://doi.org/10.1038/s41467-017-01261-5

	Introduction 
	Results 
	Comparison of LTL between Patients with Treatment-Resistant Depression and Controls 
	Association between Baseline LTL and Response to ECT 
	Association between LTL and other Demographic or Clinical Variables 
	Association between Genetic Variants, Response to ECT and LTL 

	Discussion 
	Materials and Methods 
	Participants 
	DNA Extraction 
	Measurements of Leukocyte Telomere Length with Quantitative PCR 
	Statistical Analysis 
	Analysis of GWAS Data 

	References

