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Abstract

Background Environmental enrichment training may delay cognitive decline in mild cognitive impairment (MCl)
by reducing telomere shortening, a cellular marker of aging. We investigated whether combined physical/cognitive
training affects leukocyte telomere length (LTL) in the randomized trial “Train the Brain”.

Methods LTL was assessed in 94 MCI (75.1 +5.1 years) subjects and 37 non-MCl subjects (73.2 £4.6 years). MCl
patients were assigned to receive either 7 months of training or standard care. After 7 months, both groups were
reassessed for changes in LTL and the Alzheimer's Disease Assessment Scale-Cognitive (ADAS-Coq). Telomerase
reverse transcriptase (WTERT) mRNA and telomeric repeat-containing RNA (TERRA) were also tested in 24 patients.

Results MCl patients had shorter LTL than controls (p=0.02), and short LTL was associated with a higher risk of MCl
(OR,gjusted =2.6; 95%Cl, 1.1-6.0; p=0.03). Training improved ADAS-cog scores (To=15.1+4810T,=134+50,p=001)
and increased LTL (T;=0.97+0.21to T,=1.04£0.23, p=0.04). hTERT mRNA levels were negligible in MCl patients at
TO and T7, indicating inactive telomerase. TERRA expression increased in untrained MCl (p =0.02), which may reflect
impaired telomere homeostasis.

Conclusions MCI patients have shorter telomeres, and combined training lengthens them, suggesting modifiable
telomere homeostasis through non-pharmacological intervention. Telomere shortening may underlie increased
telomeric transcription in untrained individuals, highlighting telomeric non-coding RNAs as potential therapeutic
targets in age-related disease.
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Introduction

Mild cognitive impairment (MCI) is a clinical stage
indicating individuals at heightened risk of developing
dementia, notably Alzheimer's disease [1]. Nonetheless,
MCI does not invariably progress to dementia, and timely
interventions can potentially delay its advancement [2].

The Train the Brain study examined the efficacy of
a comprehensive environmental enrichment program
involving physical and mental training in postponing
cognitive decline among older MCI patients [3]. The find-
ings revealed that a non-pharmacological intervention
combining physical and cognitive activities over seven
months led to improved cognitive function and increased
parahippocampal cerebral blood flow, although it did
not affect gray matter volume loss [3]. Strikingly, the
beneficial impact of the Train the Brain intervention on
cognitive functions was also preserved at the 14-month
follow-up (i.e., 7 months past the end of the intervention)
program [4]. Moreover, the beneficial effects were greater
in low-educated individuals compared to highly educated
individuals, and were more evident in women than in
men.

Similarly, the extensive, long-term FINGER trial,
which enrolled 1260 older individuals at risk of cognitive
decline and dementia from the general population, ran-
domized participants to a two-year multidomain inter-
vention comprising dietary changes, exercise, cognitive
training, and vascular risk monitoring. This trial dem-
onstrated either improved or sustained cognitive perfor-
mance among those in the intervention group [5].

Despite the clinical relevance of these studies, the
molecular mechanisms underlying the reported benefi-
cial effects remain elusive. Telomere shortening is associ-
ated with aging and various age-related diseases such as
cardiovascular disease, cognitive decline, and neurode-
generative disorders [6, 7]. Accordingly, we hypothesized
that combined physical and cognitive training could
also result, in parallel to its beneficial impact on cogni-
tive decline in individuals with MCI, in a modulation of
mechanisms controlling telomere length.

In agreement with this hypothesis, here we aimed to
assess whether a multi-domain training and cognitive
program impacts leukocyte telomere length (LTL).

Materials and methods

Study population

The detailed study design, inclusion and exclusion cri-
teria, and recruitment and training methods for the
open-label clinical trial Train The Brain have been exten-
sively described elsewhere [3]. In summary, the study
targeted older individuals aged between 65 and 89 years
with MCI recruited from the general population. Par-
ticipants meeting the specified criteria for MCI diagno-
sis were randomly allocated to either the multidomain
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training group (MClI-training) or the no-training group
(MClI-no-training).

After 7 months of either training or usual daily activi-
ties, assessments were conducted again, including base-
line measurements (T,) using the Alzheimer’s Disease
Assessment Scale-cognitive (ADAS-Cog) to assess the
severity of key symptoms associated with Alzheimer’s
disease [3, 8]. Based on a previous average ADAS-Cog
[8], and using a 5% significance level with 90% power, a
sample size of 42 subjects per group was needed. After
accounting for a 30% dropout rate, the final sample size
was increased to 60 subjects per group [3]. The study
design and protocol, encompassing subject privacy and
handling of sensitive data, received approval from the
Regional Ethical Committee for Clinical Experimenta-
tion. The ethical approval explicitly authorized blood
sample collection and subsequent biochemical analy-
ses for biomarker assessment. All participants provided
written informed consent covering biological sample
collection and analyses related to aging and cognitive
impairment. Peripheral venous blood was collected from
all participants between 07:00 and 09:00 a.m. using stan-
dard venipuncture techniques into specific vacutainer
tubes for plasma and serum separation and for DNA and
RNA extraction. Samples were processed within 30 min
of collection, centrifuged at 1500xg for 20 min, and
plasma and serum were aliquoted and stored at-80 °C.
Whole blood for DNA extraction was stored at-20 °C,
while RNA samples were stabilized and stored at-80 °C
until analysis.

The trial is registered under ClinicalTrials.gov Identi-
fier NCT01725178 (November 8, 2012), and participants
provided written informed consent before participation.
Among the 113 MCI subjects randomized in the Train
the Brain study, LTL was evaluated in 94 individuals.
Additionally, an age- and gender-matched control group
(No-MCI) comprising individuals with normal cogni-
tive function upon study entry (n=37) was included for
comparison (Fig. 1). The study adhered to the CONSORT
guidelines and the additional file 1 provides the CON-
SORT check list.

Multidomain training

MCI training subjects, organized into classes with a
maximum of 10 participants each, underwent super-
vised cognitive and aerobic exercise training three times
a week over a period of 7 months. The training regimen
included two 120-min sessions of cognitive training,
which involved both single cognitive modality activi-
ties and multimodal exercises such as watching mov-
ies, engaging in discussions, and participating in music
therapy sessions. Additionally, participants engaged in
a 60-min session of aerobic exercise and coordinative
capacity activities [3].
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Fig. 1 The train the brain study: Flowchart depicting the Train the Brain trial and the final study population for telomere length analysis

Telomere length analysis

Quantitative measurement of LTL was conducted using
genomic DNA extracted from whole blood through the
quantitative real-time PCR method as previously detailed
[9]. The relative TL was determined by calculating the
ratio of telomere repeat copy number (T) to single copy
gene (SG) copy number (T/S ratio) in experimental sam-
ples compared to a reference sample [9]. All PCR assays
were conducted in triplicate in 384-well plates using a
CEX RT-PCR System (Bio-Rad, Hercules, CA, USA).

RNA isolation and quantification of InRNA TERRA and
hTERT
To evaluate the effects of training on telomere biology, we
measured the expression of telomerase reverse transcrip-
tase (hTERT) and the telomeric repeat-containing RNA
(TERRA), which is transcribed from the sub-telomeric to
the telomeric region, and it can inhibit telomerase [10].

We measured IncRNA TERRA and hTERT in a sub-
set of 24 patients (12 trained and 12 untrained MCI), as
some participants had insufficient blood samples and
RNA from certain samples did not meet the quality or
quantity criteria required for analysis.

Briefly, total RNA was extracted from whole blood
samples using the RiboPure™ RNA Purification Kit

(Thermo Fisher Scientific, Waltham, MA, USA) accord-
ing to the manufacturer’s instructions. RNA quality and
quantity were evaluated using a NanoDrop™ Lite Plus
Spectrophotometer (Thermo Fisher Scientific, Waltham,
MA, USA).

For molecular analyses, 500 ng of total RNA was
reverse-transcribed into cDNA using the SuperScript™ IV
VILO™ Master Mix (Thermo Fisher Scientific, Waltham,
MA, USA), following the manufacturer’s protocol.

Reverse transcription—quantitative polymerase chain
reaction (RT-qPCR) was performed to quantify hTERT
transcripts and InRNA TERRA using specific primers.
Specifically, we measured a collective TERRA level from
different chromosome ends (chromosomes 1q, 2q, 4q,
10q, 13q, and 22q) using RT-specific primers (F 5'-GAAT
CCTGCGCACCGAGAT and R 5-CTGCACTTGAACC
CTGCAATAC), as previously described [11].

For hTERT detection, the primers used were forward
5- CACCTCACCCACGCGAAAA -3’ and reverse 5'- C
CAAAGAGTTTGCGACGCATGTT -3. GAPDH served
as the reference gene, with primers forward 5'- TGGTA
TCGTGGAAGGACTCATG-3' and reverse 5-GCTTC
ACCACCT TCT TGATGTC-3), for normalization of all
expression analyses. HeLa cancer cells were included as a
positive control for hTERT expression.
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Table 1 Clinical and demographic characteristics of study

population

Variable MCI (n=94) Non-MCl(n=37) pvalue
Age (years) 75+5 73+5 0.06
Men, n (%) 44 (47) 20 (55) 04
Smoking (%) 6 (6) 1(3) 04
Hypertension (%) 46 (49) 23 (62) 0.1
Diabetes (%) 11(12) 5(13) 0.7
Dyslipidemia (%) 48 (51) 22 (59) 0.3
Previous CV events (%) 12(13) 3(8) 0.5

Each reaction was conducted in triplicate, amplifying
10 ng of cDNA using the CFX384 Touch Real-Time PCR
Detection System (Bio-Rad, Hercules, CA, USA) and the
SsoAdvanced™ Universal SYBR® Green SuperMix (Bio-
Rad, Hercules, CA, USA).

Relative transcript levels were calculated using the
AACq method, normalized to GAPDH, with data analy-
sis performed using the Bio-Rad CFX Manager software
(Bio-Rad, Hercules, CA, USA).

Statistical analysis

Statistical analyses were performed using the StatView
statistical package, version 5.0.1 (Abacus Concepts,
Berkeley, CA, USA). Descriptive statistics are pre-
sented as mean*SD, median (interquartile range), or

a)
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percentage, depending on the nature of the data. Charac-
teristics of both cases and controls were compared using
the x2 test for categorical variables and the two-sample
t-test or Mann—Whitney test for quantitative variables,
as appropriate. Regression analysis was employed to
assess correlations between variables. Multivariate logis-
tic regression was utilized to calculate odds ratios (ORs)
and their corresponding 95% confidence intervals (Cls),
adjusting for age, gender, and vascular risk factors. A
significance level of p<0.05 was applied to all statistical
analyses.

Results

MCI and telomeres

Ninety-four individuals with MCI (44 males; mean age
75.1+5.1 years) and 37 age- and gender-matched controls
(21 males; mean age 73.2 £4.6 years) underwent baseline
LTL measurements screening. Table 1 displays the demo-
graphic and clinical parameters of both MCI patients and
the control group. There were no significant differences
between the two groups in terms of age, gender, smoking
status, and major cardiovascular risk factors.

At study entry, MCI patients exhibited shorter LTL
compared to healthy controls (0.96+0.23 vs. 1.07+0.3,
p=0.02, Fig. 2a). In MCI cases, there was a signifi-
cant negative correlation between T/S ratio and age
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3 0.5
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Fig. 2 aBox plots illustrate differences in LTL between individuals with MCl and controls; b Regression lines depicting LTL and their corresponding equa-

tions as a function of age for MCl cases (red points) and controls (gray points)
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Table 2 Odds ratio (ORs) and 95% Cls for MCl adjusted by
median TL and risk factors

Variable Unadjusted P AdjustedOR p
OR (95%Cl) (95%Cl)

Age (years) 1.0 (0.9-1.0) 0.05 1.1(0.9-1.2) 0.09
Male gender 15(0.7-3.2) 03 0.7 (0.3-1.7) 0.4
Smoking 0.9 (04-1.9) 05 2.5(0.2-26) 06
Hypertension 1.8(0.8-4.2) 0.1 04 (0.2-1.1) 0.1
Diabetes 1.2(04-3.7) 0.7 1.6 (0.4-6.6) 0.5
Dyslipidemia 1.5(0.7-3.3) 03 0.8 (0.3-2.0) 0.3
Previous CV events 0.6(0.1-2.2) 0.5 1.6 (04-7.1) 0.6
Median TL<0.96 25(1.1-54) 0.03 26 (1.0-6.0) 0.03

(r=-0.305, p=0.0028), whereas such a correlation was
not observed in controls (Fig. 2b). No correlations were
found between LTL and ADAS-Cog score in the over-
all study population or within the MCI group (data not
shown).

Upon dichotomizing individuals into long and short TL
groups based on the median LTL value in controls, those
with short LTL demonstrated a significantly elevated risk
of MCI (OR,gjysteq =265 95% CI: 1.1-6.0; p=0.03) com-
pared to individuals with long LTL after adjusting for age,
gender, and vascular risk factors (see Table 2).
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Baseline characteristics of MCl-training and MCI-no
training

At baseline, there were no differences in demographic
and clinical characteristics between groups, except for a
significantly higher ADAS-Cog score in the MCI-train-
ing group compared to the MCI-no-training subjects
(15.1+£4.8 vs. 11.7+3.6, p=0.001). No significant differ-
ence in LTL was observed between the MCI-training and
MCI-no-training groups (p=0.5). Additionally, TL T,
was not correlated with ADAS-Cog score T in the total
study population (p=0.9) or in the MCI-training and
MCI-no-training groups (p = 0.5 and p = 0.4, respectively).

Effects of training on cognitive status and telomere

A significant beneficial effect of combined training was
observed in the decline of ADAS-Cog score in the MCI-
training group at the 7-month follow-up (T;=15.1+4.8
to T,=13.4+5.0, p=0.01, Fig. 3a). Conversely, there was
a significant increase in the mean ADAS-Cog score in the
MCI-no-training group (T,=11.7+3.6 to T,=12.7+4.0,
p=0.02), as depicted in Fig. 3a. The mean change from
baseline in ADAS-Cog score at the 7-month follow-
up was—1.44 for the MCI-training group and 1.0 for
the MCI-no-training group (mean difference between
groups: 2.5; 95% CI: 0.88 to 4.0, p =0.003).

Il MCI-Non training

p=0.003 .
B MCI-Training

Delta ADAS-Cog score

p=0.05 Il MCI-Non training

Il MCI-Training

0.004

Delta LTL

-0.05+

-0.10

MCI-Training

Delta LTL

5 10 15 20 25 30
ADAS-Cog Score T,

Fig. 3 LTL and ADAS-cog score changes: a Changes in ADAS-cog scores and b LTL in the MCl-training and MCl-no training groups after a 7-month of

training; ¢ relationship between LTL changes and ADAS-cog score at T,
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Fig. 4 aThe expression of telomeric repeat-containing RNA (TERRA) in the MCl-training and MCl-no training groups at T, and T,, and b comparison of

the changes in TERRA levels between the two groups

Combined cognitive and physical training also resulted
in a significant increase in LTL in the MClI-training group
(Ty=0.97+£0.21 to T,=1.04+0.23, p=0.04). Although
not significant, an opposite trend was observed in the
MCI-no-training group (Fig. 3b). LTL increased by a
mean of 0.058 T/S units in the intervention group and
decreased by a mean of —0.034 T/S units in the MCI-no-
training group (mean difference between groups: - 0.092;
95% CI: —0.187 to 0.003, p=0.05). An inverse signifi-
cant correlation was observed between LTL changes
and ADAS-Cog score at T in the MCI-training group
(r=-0.294, p=0.04), indicating that higher ADAS-Cog
scores (greater cognitive impairment) were associated
with greater reductions in telomere length (Fig. 3c).

TERT and TERRA RNA expression

Comparative analyses within the participant subsample
for gene expression showed no statistically significant
differences between trained and untrained MCI groups
in demographic or baseline clinical variables (data not
shown). The expression of hTERT mRNA was negli-
gible at both T, and T, suggesting that all patients have
hTERT mRNA levels below detection in their whole blood.
At baseline, TERRA expression was not significantly

different between the MCI-training and MCI-no-train-
ing groups (p=0.3). Significantly higher levels of TERRA
were, however, observed at T, in the MCI-no-training
group (p=0.02), whereas there was no change in the level
of TERRA expression after the combined cognitive and
physical training (Fig. 4a). Changes in TERRA levels also
tended to be higher in the MCI-no-training groups com-
pared to the MCI-training groups (Fig. 4b).

Discussion

The current study revealed significantly shorter LTL in
individuals with MCI compared with cognitively healthy
controls. Moreover, seven months of combined cognitive
and physical training resulted in a significant increase in
LTL in the intervention group, suggesting that telomere
homeostasis is altered in MCI but maintains biological
plasticity in response to a structured intervention.

Comparison with previous literature on TL and cognition

Telomeres are highly conserved, noncoding tandem
repeat DNA sequences (TTAGGG),, located at chromo-
some ends, where they safeguard genomic stability and
prevent cellular senescence [5-7]. They are elongated by
the enzyme telomerase, which typically exhibits low or
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absent activity in most human somatic cells. As a result,
telomeres progressively shorten with each cell division
and in response to cumulative oxidative and inflammatory
stress. This gradual attrition contributes to cellular aging
and has been implicated in the pathogenesis of age-related
disorders, including neurodegenerative diseases such as
Alzheimer’s disease [7].

Our observation of shorter LTL in individuals with
MCI is consistent with previous studies linking telomere
shortening to age-related cognitive decline, thereby sup-
porting the concept that accelerated biological aging
accompanies MCI [12-22].

However, other investigations have shown relatively
weak or absent associations between telomere length and
cognitive performance [23-29]. For instance, the Long-
Life Family Study reported no significant association
between LTL and multiple cognitive domains in both non-
demented individuals and those with dementia or incipi-
ent dementia [30].

Discrepancies across studies may reflect heterogene-
ity in study design (cross-sectional versus longitudinal),
cognitive assessments, covariate adjustment, telomere
measurement methodologies, and inter-individual vari-
ability in telomere dynamics [20-22]. Moreover, these
conclusions are limited to telomere length alone and do
not inform on the presence of dysfunctional or long but
damaged telomeres [6].

Nonetheless, our results strengthen the evidence of
a link between telomere attrition and MCI and support
the notion that telomere dynamics remain modifiable
through non-pharmacological intervention. Our data
also highlights the potential to modulate telomere length
as an emerging therapeutic opportunity for mitigating
aging and age-associated diseases [31, 32].

Telomere elongation and intervention studies

While telomere shortening is commonly viewed as a uni-
directional process, longitudinal studies have shown that
telomere length in leukocytes can fluctuate and even
increase over time in response to physiological changes
[33].

Thus, the telomere lengthening observed in the inter-
vention group is biologically plausible and consistent with
prior intervention studies suggesting that lifestyle modifi-
cations can influence telomere biology [34—36]. However,
given the known intra-individual variability of leukocyte
telomere length measurements, longitudinal changes
should be interpreted with caution and in the context
of technical and biological variability [37].In the cogni-
tive area, daily meditation practice (Kundalini yoga Kir-
tan Kriya) for 12 min per day over eight weeks improved
cognitive function and increased telomerase activity in
dementia caregivers with mild depressive symptoms
[38]. Similarly, w-3 PUFA supplementation has been
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suggested to mitigate telomere shortening in older adults
with MCI [39]. Non-pharmacological enrichment inter-
ventions such as art therapy, meditation, and music lis-
tening have also been associated with higher telomere
length values in older individuals with MCI [40—42]. Our
findings extend this literature by demonstrating telomere
lengthening in response to a multidomain cognitive and
physical training program.

Mechanistic considerations

The specific molecular mechanisms involved in telo-
mere maintenance or reduced telomere attrition remain
complex and poorly understood. In principle, two non-
exclusive explanations may underlie the observed telo-
mere changes. First, true telomere elongation could result
from telomerase activation or altered leukocyte popula-
tion dynamics, shifting the proportion of circulating cells
toward those with longer telomeres. Second, reductions in
oxidative stress, inflammation, and stress hormone signal-
ing induced by the intervention may decrease telomere-
associated DNA damage and slow attrition. The Train the
Brain intervention previously demonstrated modulation of
cytokines and immune markers linked to neuroinflamma-
tion and aging [43], supporting the plausibility of reduced
inflammatory burden as a contributing mechanism [43].

Although exercise training has been reported to increase
TERT expression and telomerase activity [44], we detected
negligible hTERT mRNA levels in peripheral blood at
both baseline and follow-up. This finding is consistent
with prior work showing unchanged telomerase activity
after resistance training [36]. However, \TERT mRNA lev-
els may not fully reflect enzymatic activity, and transient
or cell-specific telomerase activation cannot be excluded.
Thus, while telomerase activation remains a theoreti-
cal possibility, alternative mechanisms such as reduced
inflammatory damage or repopulation of peripheral blood
by progenitor cells with longer telomeres may better
explain our findings [45].

Additionally, we also observed increased TERRA expres-
sion in the untrained MCI group. Accelerated telomere
shortening may drive elevated transcriptional activity at
telomeres in untrained individuals. Consistent with this
interpretation, aging has been associated with increased
TERRA levels in sedentary populations, whereas endur-
ance training appears to mitigate this rise [46].

Overall, our data underscore the importance of an inte-
grated analysis of telomeres, telomerase, and TERRA to
advance our understanding of aging and age-related dis-
eases, as well as the need for further research to validate
and establish these biomarkers for routine clinical use [47].

Additionally, our findings suggest that the intervention
may preserve telomere homeostasis at both structural
and transcriptional levels. This is particularly relevant,
as dysregulated telomeric transcription is increasingly
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implicated in aging and age-related diseases. Targeting
telomeric non-coding RNAs such as TERRA may there-
fore offer a promising strategy to mitigate phenotypes
associated with telomere shortening [6].

Study limitations
However, several limitations should be acknowledged.
The relatively low acceptance rate for telomere testing in
the MCI no-training group may have introduced selec-
tion bias. In addition, telomerase enzymatic activity was
not directly measured, limiting mechanistic interpreta-
tion of the observed telomere length changes. Moreover,
the absolute cognitive improvement did not reach the con-
ventional 4-point threshold on the ADAS-Cog commonly
applied in dementia trials [48], suggesting stabilization
rather than reversal of impairment. The higher baseline
ADAS-Cog score in the intervention group also raises the
possibility of regression to the mean. However, stronger
intervention effects among individuals at greater baseline
risk are frequently observed in clinical studies.
Importantly, findings from a subsample of participants
in the FINGER trial demonstrated that a multidomain
lifestyle intervention promoted LTL maintenance in indi-
viduals at risk for dementia [49], supporting the broader
relevance and plausibility of our observations.

Conclusions

In conclusion, individuals with MCI exhibit shorter leuko-
cyte telomeres compared with cognitively healthy controls,
supporting the link between telomere attrition and neu-
rodegenerative processes. Notably, seven months of com-
bined physical and cognitive training was associated with
telomere lengthening, suggesting that biological aging tra-
jectories in MCI may retain a degree of reversibility under
structured multidomain intervention. Impaired telomere
homeostasis may underlie the increased transcriptional
activity observed in untrained individuals, underscoring
the potential relevance of telomeric non-coding RNAs as
therapeutic targets in age-related diseases.
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