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Abstract

Keywords:

Introduction: While telomere shortening, a marker of cellular aging, may impact the progression of
age-related neurodegenerative diseases, its association with cognition is unclear, particularly in the
context of Alzheimer’s disease (AD) pathology.

Methods: Telomere, cognitive, and CSF data from 482 participants in the AD Neuroimaging Initia-
tive (148 cognitively normal, 283 mild cognitive impairment, 51 AD) was leveraged to assess telo-
mere length associations with cognition (measured by memory and executive function) and
interactions with CSF amyloid-B, tau, and APOE-¢4. Secondary analyses assessed brain volume
and thickness outcomes.

Results: Longer telomeres at baseline were associated with faster executive function decline. Amyloid-3
and tau interacted with telomere length on cognition, with longer telomeres related to faster decline
among biomarker-positive individuals.

Discussion: Telomere associations with cognition shift with AD progression, with longer telomeres
related to worse outcomes as pathology increases, highlighting the need for further investigation of
telomere length along the AD neuropathological cascade.

© 2019 The Authors. Published by Elsevier Inc. on behalf of the Alzheimer’s Association. This is an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/
4.0/).
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1. Introduction
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ADNI_Acknowledgement_List.pdf
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Telomeres are long, repeated sequences at the end of
chromosomes [1], which typically shorten with each cell
cycle due to incomplete replication, leading to cellular
senescence or cell death [2]. Telomeres serve to prevent
genomic instability and chromosome fusion and shortened
telomere length is unsurprisingly associated with many
age-related diseases [3]. For this reason, telomere length
has been leveraged in previous work as a marker of biolog-
ical aging, a process that may be distinct from chronological
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aging [4]. Since long telomeres protect cells from cellular
senescence and death, it is expected that they would also pro-
tect neuronal cells from the oxidative stress and neurodegen-
eration that are part of the progression of Alzheimer’s
disease (AD). However, reports of the role of telomere
length in AD risk are mixed. Though some studies have
observed no association between telomere length and AD
[5,6], other studies have found shorter telomeres in partici-
pants with AD [7-10] or other types of dementia [11]
compared to cognitively normal participants. In contrast,
Thomas et al. [7] observed longer telomere length in the hip-
pocampus of individuals who had AD compared to controls.
However, these associations varied by age as well as by the
cell type and tissue type in which telomere length was
measured even within the same study.

In addition to dementia, telomere length has been associ-
ated with cognition and AD severity in several studies
[8,12,13], although the literature again is not consistent
[5,14-16]. Interestingly, one study found a nonlinear
association between telomere length and mild cognitive
impairment (MCI), where both the shortest and longest
telomere-length quintiles were associated with increased
risk of amnestic MCI [17]. In a separate study, individuals
with MCI who progressed to AD had longer telomeres
than those with stable MCI [18]. Together, these findings
suggest that the association between telomere length and
cognition is complex and may change over the clinical
course of the disease.

Our previous work has identified genes involved in telo-
mere maintenance that modify the association between AD
biomarkers and downstream neurodegeneration [19,20],
highlighting a potential pathway of neuroprotection from
the consequences of AD pathology. Specifically, in agnostic
scans for genetic variants that modify the association be-
tween cerebrospinal fluid (CSF) levels of amyloid-f (AB)
or tau and neurodegeneration, we identified variants in the
protection of telomeres 1 (POTI) gene [20] and the serine
palmitoyltransferase long chain base subunit 1 (SPTLCI)
gene [19], which regulate telomerase through ceramide syn-
thesis. These associations suggest that telomeres may be
particularly relevant to the neurodegenerative response to
AD pathology.

Few studies investigating telomere length in the context
of AD have assessed associations or interactions with bio-
markers of AD pathology [10,18,21]. To date, two studies
have observed no association between telomere length and
AP burden at autopsy or in the CSF [10,18]. Interestingly,
Rolyan et al. [21] found that an AD mouse model with short-
ened telomeres had reduced AP pathology and less cognitive
impairment compared to AD mice with normal telomeres.
More work in larger cohorts assessing interactions between
biomarkers of AD neuropathology and telomere length may
clarify whether telomere length is relevant to the down-
stream consequences of neuropathology.

Additionally, APOE-¢4 allele status, a major risk factor
for AD, may contribute to the heterogeneity in the associa-

tion between telomeres and cognition. Wikgren et al. [22]
observed that nondemented APOE-e4 carriers had longer
telomeres and a faster rate of attrition compared to noncar-
riers. Furthermore, longer telomeres were predictive of
worse cognitive performance in those APOE-g4 carriers.
The differences in telomere length and rate of shortening
between APOE-¢4 carriers and noncarriers is one that bears
further study, particularly in the context of AD-related out-
comes.

The goal of this project was to assess the association
between baseline leukocyte telomere length and cognitive
performance, as well as the interaction between biomarkers
of AD neuropathology and leukocyte telomere length on
cognitive trajectories. Additionally, we examined telomere
associations with and biomarker interactions on brain vol-
ume outcomes. The outcome of this work will clarify the de-
gree to which baseline telomere length provides protection
or susceptibility to the consequences of AD neuropathology.

2. Materials and methods
2.1. Participants

Data were acquired from the AD Neuroimaging Initiative
(ADNI), a longitudinal, multisite study launched as a public-
private partnership in 2004 led by Principal Investigator
Michael W. Weiner, MD. Recruited participants were
55-90 years old and had no significant neuropathological
disease, except for AD, and did not have a history of brain
lesion, head trauma, or psychoactive medication use. See
http://adni.loni.usc.edu/about/ for more details about the
ADNI study. For the current analyses, we leveraged data
from participants who had baseline telomere length mea-
surement and CSF biomarker acquisition within one year
of each other, as well as longitudinal cognition. These
criteria left 482 participants for the main analyses. For sec-
ondary analyses, we restricted the sample to participants
with longitudinal magnetic resonance imaging data, drop-
ping the sample size to 440. Informed consent was obtained
from all participants or an authorized representative.

Longitudinal collection of cognitive, imaging, and CSF data
began before telomere length measurement. Cognitive or imag-
ing visits more than 180 days before telomere measurement
were dropped and the closest visit to telomere measurement
was considered baseline for the current analyses. Additionally,
any participant who did not have CSF acquisition within one
year of telomere measurement was excluded.

2.2. Measurement of telomere length

Genomic DNA from ADNI subjects was extracted from
buffy coats or blood at the National Centralized Repository
for Alzheimer’s Disease and Related Dementias (NCRAD).
NCRAD technicians then plated and shipped genomic DNA
to the Telomere Biology Core Lab at the University of Cali-
fornia, San Francisco. Technicians blinded to demographic
and clinical data performed quantitative polymerase chain
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reaction (QPCR) to determine relative telomere length (i.e., T/
S ratio). The current analyses used T/S ratios adjusted for
experimental variables, which were then converted into base
pairs using the following calculation: telomere base
pairs = 3274 + 2413 * (T/S ratio). Only baseline telomere
length was used for the current analyses. For more details
on telomere length acquisition and quality control, see the
ADNI telomere methods document on LONI (http://adni.
loni.usc.edu/) and Nudelman et al. [23].

2.3. Cognitive composites

Cognition data was downloaded from the ADNI database
on July 12, 2018. Comprehensive neuropsychological eval-
uations were performed at multiple time points and compos-
ite measures of memory and executive function were
calculated as reported previously [24,25]. Briefly, the mem-
ory composite included item-level data from Rey Auditory
Verbal Learning Test, AD Assessment Scale-Cognitive
Test, Mini-Mental State Examination, and Logical Memory
I and II. The executive function composite included item-
level data from Trail Making Test Parts A and B, Digit
Span Backward, Digit Symbol, Animal Fluency, Vegetable
Fluency, and Clock Drawing Test.

2.4. CSF AD biomarkers

CSF was collected by lumbar puncture. The current ana-
lyses used the closest CSF collection to the baseline telo-
mere measurement. Levels of AB-42 and total tau (t-tau)
were quantified on the multiplex XMAP Luminex platform
(Luminex Corp, Austin, TX) and Innogenetics INNO-BIA Alz-
Bio3 (Innogenetics, Ghent, Belgium) immunoassay reagents,
as described previously [26]. To interpret results from
biomarker interaction analyses, we stratified the analyses
by biomarker groups, based on previously defined thresholds
of <192 pg/mL for AP positivity and >93 pg/mL for t-tau
positivity [27].

2.5. Brain volume and cortical thickness outcomes

Brain volume data was collected at multiple time points
as part of ADNI’s comprehensive neuroimaging protocol,
which has been described elsewhere [28]. The current ana-
lyses leveraged volume metrics that we have analyzed in
previous work [29] including the hippocampus, inferior
lateral ventricles (ILV), and thickness measures [29] from
four brain networks that are known to change over the course
of aging and AD: the default mode network, frontal lobe,
medial temporal cortex, and sensory cortex [30].

2.6. Statistical analyses

Statistical analyses were conducted in R (version 3.5.1,
https://www.r-project.org/). Significance was set a priori to
a = 0.05. P value corrections were performed using the
Bonferroni method for the number of tests in each analysis.

We analyzed associations between telomere length and
both cross-sectional and longitudinal cognition (executive
function and memory), as well as interactions between
telomere length and CSF levels of AB-42 and t-tau on
the cognitive outcomes. Analyses leveraged mixed effects
regression models with the intercept and interval (modeled
as time in years from baseline) entered as both fixed and
random effects. Longitudinal cognitive change was evalu-
ated with an interval-predictor interaction term. Biomarker
interaction models were run with continuous CSF measures
and models stratified by AP and tau positivity were run to
interpret observed biomarker interaction effects. All
models covaried for sex, age, and diagnosis closest to telo-
mere length acquisition. Secondary analyses were run to
assess interactions with APOE-¢4 allele status as well as
associations with AD biomarker levels and brain volumes.
All brain volume and thickness models covaried for intra-
cranial volume and scanner strength, as well as age, sex,
and baseline diagnosis. Associations with both baseline
volume or thickness and annual change in volume or thick-
ness were evaluated.

3. Results

Participant characteristics are presented in Table 1. Par-
ticipants were well-educated and over 50% were MCI. As
expected, diagnostic groups differed in baseline cognitive
performance, AD biomarker levels, and the prevalence of
the APOE-&4 allele. No group differences in telomere length
were observed. In the imaging subset, baseline brain vol-
umes and thicknesses differed by diagnosis, with MCI and
AD participants having progressively smaller brain volumes
and thickness and larger ILV volumes.

3.1. Telomere length associations with cognition

Longer telomeres were associated with faster decline in
executive function (Table 2 and Fig. 1). In interaction
models, tau interacted with telomere length on baseline
executive function and both A and tau interacted with telo-
mere length on change in executive function. In stratified
models, longer telomeres were associated with lower base-
line executive function among tau-positive individuals and
with faster decline in executive function in biomarker-
positive individuals (Table 3 and Fig. 2). These associations
and interactions passed correction for multiple tests.

APOE-¢4 allele status also interacted with telomere
length significantly to predict executive function trajectories
(P =.003; see Fig. 3 and Supplementary Table 1), such that
longer telomeres in €4 carriers are associated with faster
decline in executive function performance (P = .001).
Both associations survived correction for multiple compari-
sons. This association appears to be in a dose-dependent
fashion with the effect appearing strongest among &4 homo-
zygotes (see Supplementary Fig. 1).
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Table 1
Participant characteristics
NC MCI AD P value Total
N 148 283 51 482
Age at baseline, years 7549 = 6.45 7222 = 7.41 75.39 = 8.06 <.01 73.56 = 7.36
Sex, % female 49% 46% 35% 22 46%
% Non-Hispanic white 95% 96% 94% .69 95%
Education, years 16.43 £ 2.72 16.15 = 2.61 16.04 £ 2.72 52 16.22 * 2.65
9% APOE-¢4 carriers 26% 44% 75% <.01 42%
Memory performance 1.02 = 0.60 0.28 = 0.72 —0.93 £ 0.56 <.01 0.38 = 0.87
Executive function 0.85 = 0.81 0.36 = 0.86 —0.92 £ 0.89 <.01 0.38 = 0.98
CSF AB-42, pg/mL 192.33 * 52.86 172.77 £ 50.36 142.79 £ 41.23 <.01 175.61 £ 52.18
CSF t-tau, pg/mL 70.22 + 32.43 90.19 * 54.89 126.92 + 55.76 <.01 87.87 = 51.65
Telomere length, bp 5339.56 * 376.07 5396.59 * 378.89 5434.82 * 419.15 .20 5383.12 + 382.92
Imaging outcomes
N 135 258 47 440
ILV volume, mm? 1337.26 + 962.20 1689.84 + 1272.48 3041.30 = 1531.83 <.01 1726.02 = 1307.23
Hippocampal volume, mm® 7350.61 £ 932.06 7057.93 % 1126.00 5325.72 = 1110.20 <.01 6962.70 = 1214.52
Default mode network 5595 £ 294 5591 £2.99 51.26 £ 3.50 <.01 55.43 £ 335
thickness
Frontal lobe thickness 58.64 = 3.15 58.73 £ 2.71 56.35 = 3.57 <.01 58.45 + 3.03
Medial temporal lobe 23.45 + 1.63 22.89 £ 2.11 20.13 = 2.29 <.01 22.77 £ 2.20
thickness
Sensorimotor cortex 3443.52 + 576.90 3598.44 + 524.87 3496.50 + 545.02 .02 3540.02 + 546.87
thickness

Intracranial volume, mm?> 1494888.74 = 149356.69

1525088.05 * 153513.36

1510446.81 = 154640.18 .17 1514233.74 = 152630.51

NOTE. Boldface indicates P values less than .05. Values are either mean * standard deviation or % of total.
Abbreviations: NC, normal cognition; MCI, mild cognitive impairment; AD, Alzheimer’s disease; APOE, apolipoprotein E; CSF, cerebrospinal fluid; AB-42,

B-amyloid-42; bp, base pair; ILV, inferior lateral ventricle.

3.2. Telomere associations with CSF AD biomarkers and
brain volumes

Telomere length was not associated with CSF levels of
AP or tau (P > .13). Additionally, telomere length was not
associated with any of the brain volume outcomes, cross-
sectionally or longitudinally (see Supplementary Table 2).
However, there was an interaction between A and telomere
length on medial temporal lobe thickness that approached
our corrected threshold for statistical significance
(B =2 X 10 standard error = 1 X 10~%, P = .005),
such that longer telomeres were associated with greater
decline in medial temporal lobe thickness among biomarker

negative individuals (see Supplementary Table 3 and

Supplementary Fig. 2).

Table 2

Telomere length association with cognition

Outcome Model B SE DF P value

Executive longitudinal —7.01E-05 2.14E-05 2042 .0011*
function

Memory cross-sectional —1.17E-04 9.01E-05 478 .1937
performance

Memory longitudinal —1.70E-05 1.69E-05 2066 .3129
performance

Executive cross-sectional —8.09E-05 1.02E-04 477 .4266
function

NOTE. Boldface indicates P values less than .05. Asterisks indicate
models that survived Bonferroni correction for four tests.
Abbreviations: B, beta; SE, standard error; DF, degrees of freedom.

4. Discussion

The present study provides evidence that the downstream
associations of longer baseline telomeres on cognition depends,
in part, on the presence or absence of neuropathology.

0.00+

-0.25

-0.50+ .

Annual Change in Executive Function Performance

4500 5000 5500 6000 6500 7000
Telomere Length (base pairs)

Fig. 1. Telomere length and longitudinal executive function performance.
Telomere length is associated with longitudinal executive function decline,
shown here with telomere length in base pairs on the x-axis and annual
change in executive function on the y-axis.



E.R. Mahoney et al. / Alzheimers & Dementia: Translational Research & Clinical Interventions 5 (2019) 883-890 887
Table 3
Telomere length interactions with CSF AD biomarkers on cognition
B SE DF P value B SE DF P value B SE DF P value

Outcome Model APB-42 interaction AB-42 positive APB-42 negative

Executive longitudinal 1.46E-06  3.99E-07 2035 .0003* —0.0001  3.52E-05 1168 .0006* 5.92E-06  2.12E-05 866 .7799
function

Memory longitudinal 5.86E-07  3.04E-07 2059 .0540 —3.66E-05 2.59E-05 1189 .1583 2.12E-05  1.62E-05 869 .1903
performance

Executive cross- 3.10E-06  1.77E-06 474 .0802 —6.52E-05 0.0001 294 6287 4.96E-05  0.0001 178 7072
function sectional

Memory Ccross- 2.68E-06  1.58E-06 475 .0908 —8.48E-05 0.0001 295 .4768 —6.01E-05 0.0001 178  .6283
performance  sectional

Tau interaction Tau positive Tau negative

Executive longitudinal —1.79E-06 4.44E-07 1952 5.86E-05* —0.00021 4.86E-05 603 1.46E-05* —2.73E-05 2.14E-05 1348 .2030
function

Memory longitudinal —6.38E-07 3.40E-07 1976 .0611 —7.34E-05 3.64E-05 616 .0443 6.87E-06  1.71E-05 1359 .6881
performance

Executive cross- —4.54E-06 1.87E-06 455 .0156 —0.00021  0.0002 158 .3152 —7.17E-06 0.0001 295 .9480
function sectional

Memory cross- —1.45E-06 1.64E-06 456 .3759 —0.00011  0.0002 159 .5303 —0.0001  9.57E-05 295 .2853
performance  sectional

NOTE. Boldface indicates P values less than .05. Asterisks indicate models that survived Bonferroni correction for eight tests.
Abbreviations: B, beta; SE, standard error; DF, degrees of freedom; AB-42, B-amyloid-42.

Specifically, longer telomeres at baseline were associated with
more rapid cognitive decline in the presence of enhanced bio-
markers of AD neuropathology. In contrast, longer telomeres
among biomarker-negative individuals displayed null or
borderline protective associations with downstream brain ag-
ing outcomes. Together, these results suggest that longer telo-
meres at baseline are associated with worse longitudinal
outcomes among people with high levels of baseline pathol-
ogy, but better longitudinal outcomes among people with lower
levels of baseline pathology. Such complex interactions may
partially explain the heterogeneity in the telomere literature,
as telomere associations appear to change over the course of
the neuropathological cascade in AD.
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Our primary finding was that longer leukocyte telomeres
at baseline were associated with more rapid longitudinal
cognitive decline, particularly among individuals with evi-
dence of greater AD pathology. The direction of this associ-
ation is counterintuitive given that shorter telomeres have
previously been linked to cognitive decline in nondemented,
aging adults as well as a more severe presentation of AD
[8,12,31]. However, another study observed a similar result
whereby longer leukocyte telomeres were associated with
increased risk of conversion to MCI and AD [18]. Moreover,
Liu et al. [32] found that longer peripheral blood cell telo-
meres were associated with worse Minimum Mental State
Examination (MMSE) scores.

5500 6000 6500 7000

Telomere Length (base pairs)

4500 5000

== Tau Negative == Tau Positive

Fig. 2. CSF biomarker interactions with telomere length on longitudinal executive function. Telomere length interacts with both CSF AB-42 and tau
on change in executive function, such that telomere length is associated with decline in executive function only in biomarker-positive individuals. Annual
change in executive function is presented on the y-axis, and telomere length along on the x-axis. Points and lines are colored by CSF amyloid or tau status,
with biomarker-positive individuals in red and biomarker-negative individuals in black.



888 E.R. Mahoney et al. / Alzheimers & Dementia: Translational Research & Clinical Interventions 5 (2019) 883-890

0.00

-0.25

Annual Change
in Executive Function Performance

-0.50 °

4500 5000 5500 6000 6500 7000
Telomere Length (base pairs)
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Fig. 3. APOE-€4 carrier status x telomere length interaction on executive
function. Telomere length interacts with APOE-g4 carrier status on change
in executive function, such that longer telomeres at baseline are associated
with decline in executive function among carriers only. Annual change in
executive function is presented on the y-axis, and telomere length on the
x-axis. Points and lines are colored by APOE-¢4 carrier status, with carriers
in red and noncarriers in black.

There are multiple hypothetical mechanisms that may
explain the detrimental associations of longer telomeres
among biomarker-positive individuals. One possibility is
that telomerase (which maintains telomere length) is upre-
gulated in response to AD pathology and drives a slowing
of telomere shortening during the preclinical phases of
AD. In support of such a possibility, previous work has
demonstrated upregulation of telomerase in response to
inflammation [33] and immune activation [34,35], both
of which occur in response to AD pathology [36]. In
such a scenario telomerase may be actively elongating
and maintaining telomeres in response to the inflammatory
cascade in AD. In opposition to this hypothesis, there is
also evidence that AP inhibits telomerase activity [37],
suggesting that an upregulation of telomerase’s canonical
activity may be unlikely. However, as intracellular Af
may decrease with the development of extracellular pla-
ques [38], telomerase could potentially be more active as
the plaques accumulate.

A second possibility is that this detrimental association re-
flects an epiphenomenon due to a non-telomere-related upre-
gulation of telomerase components. For example, the catalytic
subunit of telomerase, TERT, has been shown to protect
against both tau- and amyloid-mediated oxidative stress and
apoptosis in cultured neurons [39,40]. It may be that longer
telomeres reflect an enhanced state of TERT activation that
is beneficial early in disease, but becomes detrimental as
inflammation accelerates. Regardless of the underlying mech-
anisms, a more comprehensive assessment of how telomere

associations change over the course of the neuropathological
cascade in AD is needed.

A comparable interaction was also observed with APOE
status, such that longer telomeres in APOE-g4 homozygotes
were associated with faster cognitive decline. This corre-
sponds to another study in which longer telomeres were asso-
ciated with worse episodic memory performance in 4 carriers
compared to noncarriers [22]. In contrast, Takata et al. [6]
found that APOE-e4 homozygotes with AD had shorter telo-
meres than heterozygotes and noncarriers, although they did
not see an association between telomere length and cognitive
decline. The &4 allele has a proinflammatory effect [41] and a
strong association with AD pathology [42], leaving open the
possibility that either of the mechanisms discussed above
could be driving the APOE interactions observed here.

In contrast to the detrimental associations observed among
biomarker positive individuals, we observed a beneficial effect
of longer telomeres among biomarker individuals, whereby
longer telomeres were associated with a slower rate of cortical
thinning in the medial temporal cortex. Comparable associa-
tions between telomere length and brain volumes have been re-
ported in the past [43], particularly among nondemented
individuals and in subcortical regions of the hippocampus
[43-45]. Since the medial temporal lobe is one of the first to
exhibit atrophy in the beginning stages of AD [46], the current
results suggest that longer telomeres may protect against initial
decline before substantial pathology has accumulated. Given
that we did not see significant associations between telomere
length and brain volume outcomes among biomarker positive
individuals, it is possible that the telomere interaction on cogni-
tion may result from an alternative pathway of injury in AD.
Although neurodegeneration is the primary pathway by which
AD pathology drives cognitive impairment [47], there are also
alternative pathways such as reductions in cerebral blood flow,
white matter degeneration, network connectivity, and glucose
metabolism. More studies are needed to truly understand the
exact molecular pathways by which longer leukocyte telomeres
are associated with worse cognitive outcomes.

This study exhibits multiple strengths including the breadth
of cognitive, imaging, and genetic data available in the cohort,
the detailed measures of telomere length, and the longitudinal
data following telomere measurement. However, the study is
not without limitations. One limitation of the present study
is that telomeres were measured peripherally, which may not
reflect telomeric changes in the brain. Lukens et al. [48] found
that shortened leukocyte telomere length correlated with cere-
bellar telomere length in AD patients, but the correlation
remains an open question in the field. A second limitation is
that the cohort is primarily well-educated, non-Hispanic white
individuals, which limits the ability to generalize the findings
to other populations. Additionally, we were unable to control
for environmental factors like socioeconomic status or life-
style which may impact telomere length [49,50]. Finally, the
current analyses were underpowered to measure interactions
with age or age-stratified models, but that would be an inter-
esting way to assess at what age telomere length is a useful
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explanatory factor. Larger samples across the spectrum of AD
will be needed to fully characterize the complex interactions
among age, pathology, and telomeres and how they contribute
to cognitive impairment and dementia.

In conclusion, this study has described a unique interaction
between telomere length and biomarkers of AD neuropa-
thology, suggesting that telomere associations may depend
on the neuropathological context in which they are measured.
Additional work focusing on the complex interplay between
markers of biological aging, chronological aging, and disease
may clarify the context in which telomeres are most relevant
to AD risk and progression.
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