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Abstract

Background: Little is known about the role of DNA methylation (DNAm) epigenetic age acceleration in cognitive decline. Using a twin study
design, we examined whether DNAm age acceleration is related to cognitive decline measured longitudinally in persons without a clinical
diagnosis of dementia.

Methods: We studied 266 paired male twins (133 pairs) with a mean age of 56 years at baseline. Of these, 114 paired twins returned for a
follow-up after an average of 11.5 years. We obtained 6 indices of DNAm age acceleration based on epigenome-wide data from peripheral
blood lymphocytes. At both baseline and follow-up, we administered a battery of cognitive measures and constructed 2 composite scores, one
for executive function and one for memory function. We fitted multivariable mixed regression models to examine the association of DNAm
age acceleration markers with cognitive function within pairs.

Results: In cross-sectional analyses at baseline, there was no association between DNAm age acceleration and cognitive function scores.
In longitudinal analyses, however, comparing twins within pairs, each additional year of age acceleration using the Horvath’s method was
associated with a 3% decline (95% CI, 1%-5%) in the composite executive function score and a 2.5% decline (95% CI, 0.01%—-4.9%) in the
memory function score. These results did not attenuate after adjusting for education and other risk factors.

Conclusions: Middle-aged men who had older DNAm age relative to their brothers of the same demographic age showed a faster rate of
cognitive decline in the subsequent 11.5 years. These results point to the role of epigenetic modifications in cognitive aging.
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also known to contribute (3). However, age remains the strongest
known risk factor for cognitive decline and dementias, unexplained
by other risk factors or health conditions associated with aging (4).
Understanding the molecular mechanisms through which the aging
process affects susceptibility to cognitive impairment could provide
important clues for the etiology of these neurodegenerative disorders
and the identification of potentially modifiable risk factors.

Several studies have linked the aging process to epigenetic modi-
fications across the genome (5,6). Epigenetic processes regulate gene
expression and genome integrity through changes that are inde-
pendent of DNA sequence (7) and may allow the identification of
reversible molecular mechanisms through which exposures influence
the expression of complex phenotypes. DNA methylation (DNAm),
the addition of methyl groups at the 5" position of cytosine rings in
CpG dinucleotides to produce 5-methyl-cytosine, is the best known
type of epigenetic modification (7).

Mathematical algorithms can estimate the age (in units of years)
of cells, tissues, or organs, using DNAm (8,9). Using these DNAm
age estimators, often referred to as “epigenetic clocks” (10), one can
calculate DNAm age acceleration as the difference between DNAm
age and chronological age (8-10). DNAm age acceleration represents
a measure of the discrepancy between chronological and biological
age and correlates with age-related physiological dysregulation in
multiple tissues (9—11) as well as with premature mortality (12).

While various DNAm sites have been associated with cogni-
tive performance (13) and neurodegenerative disorders including
Alzheimer’s disease (14,15), less is known about the role of epigenetic
clocks or epigenetic age acceleration in cognitive decline. Furthermore,
very few studies have examined cognitive decline longitudinally. Thus,
whether epigenetic dysregulation is an epiphenomenon or a causal
factor in cognitive aging remains to be elucidated (16).

Epigenetic association studies are potentially confounded by en-
vironmental, demographic, and genetic factors. A twin study over-
comes these weaknesses and thus is regarded as the most powerful
design to study epigenetics (17). Twins are matched for age, the most
important correlate of DNAm age. They also share in utero environ-
ment and early familial influences (eg, diet, socioeconomic, and par-
ental factors), which contribute to epigenetic modifications and the
expression of complex traits. Monozygotic (MZ) twins also carry
identical genetic information from the primary sequence of DNA;
dizygotic (DZ) twins, however, are also informative, as they are
matched for the same characteristics as MZ except that they share
half of their genes. Because epigenetic modifications are heritable,
mostly through DNA variations at the CpG sites (18), a comparison
of results between MZ and DZ twins provides estimates of the influ-
ence of genetic versus environmental influences on the associations.
Using a twin study design, the purpose of the current investigation
was to examine whether biological aging, estimated using a compre-
hensive set of DNAm age acceleration indices, is related to cognitive
decline measured longitudinally among middle-aged and older twins
without a clinical diagnosis of dementia.

Method
Study Cohort

The participants in this study were recruited from the Vietnam Era
Twin (VET) Registry, which is one of the largest national samples
of adult male twin veterans who served on active duty during the
Vietnam war era (1964-1975) (19). The present study is based on

the Emory Twin Study (ETS) (20). For ETS, from VET Registry, we
selected 283 MZ and DZ twin pairs (7 = 566) born between 1946
and 1956 (representing 95% of all registry twins) who were dis-
cordant for depression or posttraumatic stress disorder (PTSD), as
well as control pairs without these conditions. Twin pairs were ex-
cluded if either member of the twin pair had a history of cardiovas-
cular disease at the baseline survey (21). Of the 283 ETS twin pairs,
we invited 504 twins who were still alive (252 pairs) to participate in
the Emory Twin Study Follow-up (ETSF) for a follow-up evaluation,
in-person or over the phone (for those who were not able to travel),
that was conducted on average 11.5 years after the initial ETS.
A total of 393 twins have participated so far in ETSF (78%), and
among them, 279 twins (including 124 pairs and 31 single twins)
completed the in-person visit. Figure 1 shows the construction of the
study population.

At both in-person visits, all twin pairs were examined together at
Emory University on the same day to minimize measurement error.
Medical history, anthropometric measurements, behavioral and psy-
chosocial measures, and cognitive performance were collected using
identical protocols for the 2 twins. Zygosity data were obtained by
DNA typing. We obtained written informed consent from all twins,
and the Emory University institutional review board approved this
study.

Genome-Wide DNA Methylation

At the baseline visit, we obtained specimens of whole blood for DNA
extraction. We conducted genome-wide DNA methylation using the
Illumina Infinium MethylationEPIC (850K) BeadChip, which builds
upon the Infinium HumanMethylation450 BeadChip and measures
more than 850 000 methylation sites in peripheral blood lympho-
cytes (22). The 850K chip includes 99% of the NCBI Reference
Sequence (RefSeq) genes, with sites covering the promoter, untrans-
lated regions, and gene body, more than 95% of CpG islands, and
differentially methylated sites across tissue types.
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Figure 1. Participant flow diagram. ETS = Emory Twin Study; ETSF = Emory
Twin Study Follow-up; DNAm = DNA methylation.
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For the Illumina Infinium I assay, fluorescent signals of each
CpG site were measured from both site-specific methylated and
unmethylated beads. For the Infinium II assay, a single bead type
of each CpG site was measured for methylation status. We adopted
a quantile normalization approach implemented in the R package
“minfi” (23) for processing 850K data to correct for known tech-
nical shifts in methylation signals between the Illumina Infinium
I and II probes and to generate adjusted (3 values for the association
analyses. We set any results with a detection p value greater than .01
to missing and excluded 4 samples with more than 10% missing rate
of methylation data. We also excluded CpG sites with more than a
5% missing rate. After all quality control procedures, a total of 846
459 CpG sites were kept for the analysis of DNAm age.

Estimation of DNA Methylation Age and Age
Acceleration
We calculated 4 DNAm age estimators using the online calculator
developed by Horvath’s group (https://dnamage.genetics.ucla.edu)
(9). These included Horvath’s epigenetic clock (9), Hannum’s epi-
genetic clock (8), DNAm Pheno Age (11), and DNAm Grim Age
(24). Horvath’s epigenetic clock is based on 353 CpGs and works
well across different cell types and tissues. Hannum’s clock is based
on 71 CpGs in leukocytes and is blood-specific. Both Horvath’s
and Hannum’s DNAm biological age estimators were developed as
predictors of chronological age as a surrogate of biological age. In
contrast, DNAm Pheno Age, including 513 methylation sites, was
developed as a predictor of aging-related conditions and overall
mortality (denoting “phenotypic age”). After quality control, 334
out of 353 and 65 out of 71 CpG sites were available for the cal-
culation of the Horvath and Hannum predicted methylation ages,
respectively. All 513 CpG sites were available for the calculation of
DNAm Pheno Age. The recent Grim Age estimator was developed
using a 2-stage approach that first considered DNAm-based surro-
gate markers of smoking and other biomarkers of mortality, and, in
a second stage, time to death. All these DNAm age biomarkers have
been related to life span and age-related conditions (10,11,24).
From the DNAm age estimators above, we calculated DNAm
age acceleration markers from the residuals resulting from regressing
DNAm age estimators on chronological age in a linear model. All
these DNAm age acceleration markers are independent of chrono-
logical age. We obtained Horvath’s DNAm age acceleration (Horvath
AA), Hannum’s DNAm age acceleration (Hannum AA), Pheno age
acceleration (Pheno AA), and Grim age acceleration (Grim AA). All
these were calculated without adjustment for cell types. We also cal-
culated 2 more indices that were adjusted for cell types: intrinsic
epigenetic age acceleration (IEAA), from Horvath’s DNAm age,
and extrinsic epigenetic age acceleration (EEAA), from Hannum’s
DNAm age (12). In order to adjust for cell type, we calculated the
proportions of blood cell subtypes (B cells, granulocytes, monocytes,
natural killer cells, CD4, and CD8 T cells) using the method devel-
oped by Houseman et al. (25).

Measurements of Cognitive Function

At both the in-person baseline and in-person follow-up visits, we
obtained measures of executive functioning and cognitive flexibility
using the Trail Making Test (TMT). The TMT is a validated measure
of working memory, which is administered in 2 parts (26). TMT-Part
A is a timed visual-scanning task where participants are asked to
connect 25 circles with lines as quickly as possible, while in TMT-
Part B participants are asked to connect circles containing numbers

or letters in an alternate numeric/alphabetical order (ie, 1-A, 2-B,
3-C, etc.). We recorded the time in seconds for participants to com-
plete each task. Per standard procedures, TMT-A was discontinued
at 150 seconds and TMT-B was discontinued at 300 seconds. Both
tasks measure executive functioning, and TMT-B additionally meas-
ures cognitive flexibility, which reflects the ability to switch between
different concepts simultaneously. Both TMT-A and TMT-B scores,
in seconds, were log-transformed due to non-normality and then
converted to Z scores and averaged together to obtain a composite
normalized executive function score, following a common approach
(27,28). To facilitate interpretation of results, the analysis was re-
peated by simply averaging the TMT-A and TMT-B scores. A higher
score is indicative of worse executive function.

At both time points, we also assessed memory function using the
Wechsler Memory Scale-Revised (WMS-R) (29). The WMS Logical
Memory subtest measures immediate and 30-minute delayed recall
of the elements in 2 different stories that were read aloud to each
participant. The participant was then asked to retell each story as
closely as possible to the original, either immediately (immediate re-
call) or after an interval of 30 minutes (delayed recall). A maximum
score of 50 is attainable for both the immediate and the delayed
recall task based on predefined criteria. Immediate recall reflects at-
tention and memory, while delayed recall assesses memory retention.
The ability to retain information from immediate to delayed recall
assesses memory consolidation. Similar to the composite executive
function score construction, the WMS immediate and delayed story
recall scores were converted to Z scores and then averaged into a
composite normalized memory function score. Again, to facilitate
interpretation, we repeated the analysis using the average of the 2
raw scores. A higher score is indicative of better memory function.

Other Measurements

At the baseline visit, we performed a thorough assessment including
medical history, sociodemographic information, health behaviors,
blood pressure, and anthropometric data and drew blood samples
to measure fasting blood glucose and lipid profile, as previously
described (20). Physical activity was measured using the Baecke
Questionnaire of Habitual Physical Activity, a 16-question instru-
ment assessing physical activity levels at work, during sports and
non-sports activities, rendering a global physical activity score (30).
History of hypertension was defined as systolic blood pressure at
least 140 mmHg or diastolic blood pressure at least 90 mmHg, or
self-reported use of antihypertensive medications, following the Joint
National Committee (JNC)-7 classification for Stage 1 hypertension
which was the accepted staging at the time. History of coronary ar-
tery disease (CAD) that might have occurred from the time of the
initial screen was defined as a previous diagnosis of myocardial in-
farction or angina pectoris or previous coronary revascularization
procedures. Diabetes mellitus was defined as having a measured
fasting glucose of more than 126 mg/dL or being treated with
antidiabetic medications. Current use of beta-blockers, antidepres-
sants, statins, and angiotensin-converting enzyme inhibitors was also
recorded. A clinical diagnosis of major depression and PTSD (life-
time and current), as well as a diagnosis of alcohol abuse disorder,
was obtained using the Structured Clinical Interview for Diagnostic
and Statistical Manual of Mental Disorders, 4th Edition.

Prior to military induction, at an average age of 20 years,
twins were administered the Armed Forces Qualification Test
(AFQT Form 7A), a general test of cognitive ability (31). We used
these scores, acquired from the military records and archived by
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the VET Registry, as an additional control factor in sensitivity
analyses. The scores were not available in 16 twins (6%) in our
analytical sample.

Statistical Analysis

We conducted descriptive analyses to summarize participants’ char-
acteristics at the baseline visit, and describe DNA methylation age ac-
celeration variables, and cognitive function at baseline. Continuous
variables were described as mean and standard deviation (SD) and
categorical variables as frequencies (percentage). Next, we evaluated
the cross-sectional association between the within-pair difference
in each of the DNAm age acceleration variables (as separate inde-
pendent variables) and the within-pair difference in cognitive func-
tion measures at baseline (as separate dependent variables). We then
examined the longitudinal association of the within-pair difference
in DNAm age acceleration variables at baseline with the within-pair
difference in cognitive function measures at follow-up. In a study
of twins, within-pair differences intrinsically control for potential
confounding by shared genetic and familial influences, in addition to
environmental factors during the clinic visit, as twins were examined
together. Because of the attrition between baseline and follow-up,
we compared DNAm age acceleration, cognitive measures, and
other key baseline variables between twins who participated in the
in-person follow-up visit and those who did not participate. For
both cross-sectional and longitudinal analyses, our primary outcome
measures were the composite measures of executive and memory
function. In secondary analyses, we examined individual cognitive
function measures separately.

For all analyses, we fitted multivariable mixed-effects regression
models and accounted for twin pairs as a random effect. In these
models, the within-pair § coefficient describes the individual twin
variation from the twin pair average (32); this formulation has the
advantage of being independent of twin ordering and of including
information on the individual twin value. The model equation is as
follows:

E(Y; —Yi) = Bo+ Bw(Xj—Xi)

Where Y; represents the mean value of Y for the twin pair i, and X;
represents the mean value of X for the twin pair i. The within-pair
coefficient B expresses the expected intrapair difference in Y (cog-
nitive function scores) for a 1-year difference in DNAm age acceler-
ation between the twin brothers. In order to better interpret effect
sizes, we repeated the analyses by using averages of the raw cogni-
tive testing subscores (both for executive function and memory func-
tion), which were log-transformed so that the modeling results could
be interpreted as percent difference in cognitive status for each in-
cremental year of DNAm age acceleration comparing the 2 brothers.
To avoid model overfitting, we constructed a series of models to
examine the impact of sets of a priori selected variables on the as-
sociations of interest. The base model, or Model 1, was unadjusted
and included only the within-pair difference of the DNAm age ac-
celeration variable. In Model 2, we adjusted for years of education,
and in Model 3, we further adjusted for potential confounders, that
is, variables that are likely related to both DNAm age acceleration
and cognitive function (ever smoking, body mass index [BMI], and
history of hypertension and alcohol abuse). In Models 4A and 4B,
we further adjusted for diagnosis of major depression and PTSD, re-
spectively. In a sensitivity analysis, we adjusted for AFQT raw score
from military records. We used a similar modeling strategy for the
longitudinal analysis, except that we additionally adjusted for base-
line levels of cognitive function in all models.

To assess the potential shared genetic influence on DNAm age
acceleration and cognitive function, we conducted stratified analyses
in MZ and DZ twins separately and tested for the interaction by
zygosity. Because MZ twins share 100% of their genes, while DZ
twins only share 50% on average, if a larger association is found
within DZ pairs than within MZ pairs, this suggests that genetic
factors play a role. In a sensitivity analysis, we also adjusted for the
history of CAD.

At baseline, 16 participants (5%) had missing TMT-A scores, and
1 participant had missing TMT-B scores; these missing scores were
imputed using the average values in the rest of the sample. Missing
data were rare (<5%) for all other variables, thus we used all avail-
able data without further imputation. We checked linearity assump-
tions for all continuous variables, as well as possible multicollinearity
by variance inflation factors. A two-sided p value of less than .05
was used for statistical significance and 95% confidence intervals
(CIs) were calculated from model parameters. All statistical analyses
were performed using SAS, version 9.4 (SAS Institute, Cary, NC) and
Stata 14.0 (StataCorp, College Station, TX).

Results

Participants Characteristics

Of the twin participants at the baseline visit, 296 individual twins
had a sufficient amount of genomic DNA for epigenetic analysis,
including 133 twin pairs (89 MZ pairs and 44 DZ pairs), and 30
single twins. The 266 individual twins from these 133 pairs represent
our analytical sample for the within-pair cross-sectional analysis at
baseline (Figure 1). Of the baseline sample, 62 twins died before the
follow-up study (11%) and 393 participated in the follow-up study
(78% of the survivors). Most of these (71%) participated in-person.
Among them, 114 individual twins (57 pairs) had both baseline
DNAm age and follow-up cognitive function data, thus they repre-
sent our analytical sample for the within-pair longitudinal analysis.
Comparing twins who participated and those who did not partici-
pate in the in-person visit at follow-up, the 2 groups were similar
(Supplementary Table 1). As expected, twins who did not return for
follow-up tended to have more comorbidities, such as hypertension
and alcohol abuse; they also smoked more and had lower levels of
physical activity, but these differences were small and, except for
physical activity, none were statistically significant. The 2 groups
were also very similar for DNAm age acceleration and for cognitive
function at baseline (Supplementary Table 1).

Of the 266 paired twins included in the analysis at baseline, 258
(97%) were White, with a mean age (SD) of 56 (3) years (Table 1).
The sample had a substantial prevalence of behavioral and psycho-
social risk factors. The average BMI was 30, 73% reported ever
smoking, 53% met criteria for lifetime alcohol abuse, and 30% met
criteria for lifetime major depression. Therefore, it is not surprising
that, on average, the twins showed DNAm age acceleration, being
between 0.08 years, that is, half a month (Pheno AA) to 0.22 years, or
almost 3 months (Grim AA) “epigenetically older” than their demo-
graphic age. Virtually all the within-pair differences in DNAm age
markers were correlated with each other (Supplementary Table 2).

Association Between DNAm Age Acceleration and
Cognitive Function

The mean within-pair difference in the raw composite executive
function score was 55 points (SD, 50), and the mean within-pair
difference in the raw composite memory function score was 5.5
points (SD, 4.4). All the DNAm age acceleration measures displayed
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Table 1. Baseline Characteristics of 266 Twins (133 pairs)

Characteristics, Mean (SD) or 7 (%) Total (N = 266)

Sociodemographic factors

Age, years 56 (3)
White 258 (97)
Education, years 14 (2)
Employed 203 (76)
Health factors
BMI 30 (5)
Ever smoker 194 (73)
Baecke physical activity score 7.2 (1.8)
Systolic blood pressure, mmHg 124 (11)
Diastolic blood pressure, mmHg 75 (8)
History of hypertension 82 (31)
History of diabetes 35(13)
History of coronary heart disease 32 (12)
History of alcohol abuse (lifetime) 141 (53)
History of PTSD (lifetime) 55(21)
History of major depression (lifetime) 81 (30)
Medication use
B-Blockers 21 (8)
Antidepressants 41 (15)
Statins 79 (30)
ACE inhibitors 47 (18)
DNAm age acceleration (years)
Horvath AA 0.08 (3.84)
Hannum AA 0.05 (3.81)
Grim AA 0.22 (5.42)
Pheno AA 0.04 (5.29)
TIEAA 0.07 (3.58)
EEAA 0.10 (5.14)
Cognitive function
TMT-A, seconds 61 (46)
TMT-B, seconds 145 (104)
Immediate recall score 24 (7)
Delayed recall score 20 (7)
Composite executive function score (raw) 103 (61)
Composite memory function score (raw) 21.7 (6.6)

Note: AA = age acceleration; ACE = angiotensin-converting enzyme;
BMI = body mass index; CAD = coronary artery disease; DNAm = DNA
methylation; EEAA = extrinsic epigenetic age acceleration; IEAA = intrinsic
epigenetic age acceleration; PTSD = posttraumatic stress disorder; SD = stand-
ard deviation; TMT = trail making test.

nonsignificant cross-sectional associations with the composite ex-
ecutive and memory function scores at baseline, across all models
(Table 2). For both composite scores, the unadjusted raw score dif-
ference per 1 year of DNA age acceleration was less than 2% for all
DNAm age acceleration indices and close to zero for most of them.

The mean length of follow-up was 11.5 years (SD, 2.2), with
a range of 6.5-15.8 years. The mean within-person decline in the
cognitive measures during follow-up was 33 points (SD, 65) for the
composite executive function score and 6.8 points (SD, 9.7) for the
composite memory function score. The mean within-pair difference
in cognitive status changes during follow-up was 0.80 (SD, 0.73)
for the executive function score and 0.93 (SD, 0.72) for the memory
function score; the corresponding within-pair differences in raw
score changes were 59 points (SD, 62) for executive function and
9.8 (SD, 7.3) for memory. The baseline and follow-up distribution of
cognitive test scores is shown in Supplementary Table 3.

In longitudinal, within-pair analysis of baseline DNAm age ac-
celeration and changes in cognitive function over the follow-up,

Horvath’s AA and IEAA were associated with a decline in both
the composite executive function and the memory function scores.
Specifically, within-pair, a 1-year difference in Horvath’s AA was asso-
ciated with a  of 0.09 (95% CI, 0.04-0.14) for the log-transformed
normalized executive function score, while for IEAA, the § estimate
was 0.08 (95% CI, 0.03-0.13). These changes corresponded to a 3%
(95% CI, 1%-5%) greater decline in the composite raw executive
function score for both DNAm acceleration measures. These differ-
ences did not substantially attenuate after adjusting for education
and other potential confounding factors and mental health factors
(Table 3). Horvath’s AA and IEAA were also associated with a de-
cline in memory function. After adjusting for other factors, a 1-year
within-pair difference in Horvath’s AA was associated with a f§ of
-0.05 (95% CI, -0.10 to -0.01) for the normalized memory func-
tion score. For IEAA the (3 estimate was similar (3, -0.05, 95% CI,
-0.09 to -0.01). These changes corresponded to a 2.5% (95% CI,
0.01%-4.9%) greater decline in the composite raw memory score
for both measures. We also observed a weaker association of Pheno
AA with the composite memory function score, which, however, was
attenuated after adjustment for smoking and other risk factors.

Additional Analyses

Addition of the AFQT scores at age 20 did not substantially change
the cross-sectional results for either executive function or memory.
In stratified analysis by zygosity, the cross-sectional results showed
mostly nonsignificant associations that were similar in MZ and in
DZ, although for some measures, the coefficients tended to be larger
in DZ than in MZ twins (Supplementary Tables 4A and 4B). Given
the small number of DZ pairs in the longitudinal analysis (7 = 17
pairs), this analysis could not be stratified by zygosity. Overall, the
longitudinal association of DNAm age acceleration with individual
cognitive function tests showed similar results as the composite
scores, with Horvath’s AA and IEAA exhibiting the most consistent
associations across all measures (Supplementary Tables SA-5D).
Finally, adjusting for the history of CAD did not change the results.

Discussion

In a study of veteran twins who were middle-aged at baseline, we
found that those who were biologically older relative to their demo-
graphic age, indexed using DNAm age acceleration estimated with
the Horvath’s method (Horvath AA and IEAA), were more likely to
show a cognitive decline after an average of 11.5 years. Comparing
twins, the “biologically older” twin experienced a 2.5%-3% greater
cognitive decline for each incremental year of DNAm acceleration
compared with his twin brother.

While we found that Horvath’s derived DNAm age acceleration
measures were related to cognitive decline longitudinally, there was
no association between DNAm acceleration and cognitive perform-
ance at baseline. The lack of association at baseline is not surprising
given that the mean age of the twins at baseline was 56 years, po-
tentially too young to show an effect of DNAm on cognitive aging.
This is consistent with another study of twins of about the same
age as our sample (28). However, despite their relatively younger
age at baseline, after 11.5 years of mean follow-up, the association
between DNAm acceleration and cognitive performance became
apparent. The lack of an association at baseline, together with the
demonstration of an association with longitudinal changes in cog-
nitive function, eliminates the possibility of reverse causation be-
tween epigenetic age acceleration and cognitive function, that is, the
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possibility that lower cognitive performance is a cause rather than
an effect of accelerated biological aging.

Epigenetic aging has been proposed as an important factor that
can explain the aging process and its relationship with chronic con-
ditions at the molecular level (10,16,33). Epigenetic aging estimated
using DNAm age acceleration metrics, which are independent of
chronological age, can be particularly useful in capturing biological
alterations associated with cumulative environmental effects on the
aging process over the lifetime, also known as “weathering” (9).
Indeed, multiple studies of older individuals have linked accelerated
DNAm age to earlier death, even after taking into account medical
diagnoses and risk factors (12). DNAm age acceleration has also
been associated with cognitive function in cross-sectional studies of
predominantly older populations (34,35), especially in individuals
with Alzheimer’s disease (27), as well as those with frailty (36), and
Parkinson’s disease (37). Cross-sectional studies have also reported
associations of DNAm age with histological markers of Alzheimer’s
disease in postmortem brains (27) and with measures of degraded
neural microstructural integrity (35).

Very few studies, however, have examined whether DNAm age
acceleration is related to cognitive decline longitudinally. Marioni
et al. (34) examined changes in cognitive measures in an older cohort
followed up between the ages of 70 and 76 years and found no rela-
tionship between DNAm acceleration, measured with the Horvath
algorithm, and cognitive decline, although a cross-sectional relation-
ship was present at age 70. It is possible that the lack of longitudinal
association was due to the relatively short follow-up time, when only
modest changes in cognitive status occurred (34). A study of middle-
aged male and female MZ twins also did not find a relationship
of DNAm age acceleration, estimated using both the Horvath and
the Hannum methods, with cognitive changes over 10 years (28).
The twins, however, showed limited intrapair variation in cognitive
measures and only small differences in cognitive function measured
longitudinally. In our study, we found a mean within-pair differ-
ence in cognitive status change during follow-up of almost 1 SD of
the normalized scores. Furthermore, our study included only men.
Men have a faster DNAm age acceleration than women (38,39), and
therefore, men may be more vulnerable to DNAm-related cognitive
aging compared with women. Indeed, a recent study found an as-
sociation between DNAm age acceleration and cognitive decline in
men but not in women (38). Differences in the admixture of men and
women in previous studies may play a role in the diverging results.

In our study, the Horvath’s derived metrics of age acceleration
(Horvath AA and IEAA) showed the most robust associations with
cognitive decline. An explanation for this could be inherent in the
methodology for the construction of these age acceleration estim-
ators. The Horvath’s epigenetic clock was constructed from epi-
genetic markers derived from multiple tissues, including the brain
(9), while other age acceleration indices were derived from blood-
related epigenetic markers only. The fact that we used peripheral
blood cells for the measurement of DNAm age acceleration does
not diminish this advantage, because of the demonstrated similar-
ities of age-related DNA hypermethylation across tissues and cell
types, including blood and brain (9,40,41). Furthermore, in contrast
to Horvath’s clock, other DNAm age estimators were developed as
predictors of phenotypic aging using blood-derived biomarkers of
disease, such as white blood cell count, plasma proteins, inflamma-
tory biomarkers, and glucose (10,11,24). Although these may be
useful for the detection of age-related metabolic dysregulation and
total mortality, they may be less relevant for cognition and brain
disorders. Consistent with our findings, Horvath’s clock has been

associated with Alzheimer’s disease, cognitive performance, and
pathological biomarkers of brain aging and dementia in a number
of studies (27,34,42-44). Although in our study Pheno AA was as-
sociated with memory function decline in unadjusted analysis, the
association was weakened after adjusting for cardiovascular risk fac-
tors, highlighting the dependency of this aging biomarker on clinical
indicators of cardiometabolic disorders. It should be noted that, in
contrast to our results, a recent investigation reported that the EEAA
metric was more consistently associated with cognitive decline than
IEAA and other measures of DNAm acceleration in middle-aged
men followed up for a mean of 4.7 years (38). However, in this study,
there was substantial variability in associations across different cog-
nitive tests and most of them showed a modest decline (38).

DNAm age acceleration may signal cognitive aging through a
number of mechanisms. Epigenetic modifications are fundamental
for gene regulation and the translation of environmental stimuli
into gene expression. DNAm has been shown to contribute to
learning processes, memory formation, and memory consolida-
tion through epigenetic regulation of transcription in the central
nervous system (45,46). There are a number of specific molecular
pathways with potential long-term effects on learning and memory
(10,47). These include synaptic plasticity and neurogenesis (47—
49), stem cell function (50), immunosenescence (51), circadian
rhythms (52), and the effects of cumulative stress through gluco-
corticoid signaling (53). Epigenetic clocks likely modulate these
processes, and at least in part, these effects could be mediated by
inflammatory and oxidative stress pathways resulting from cellular
accumulation of reactive oxygen species (33). Because epigenetic
processes are heritable, mostly due to genetic variations at the CpG
sites (18), shared genetic pathways between epigenetic aging and
cognitive decline could also be involved, as suggested by a pre-
vious negative study of MZ twins (28). However, in our study, we
did not find marked differences in results based on the twin pairs’
zygosity, suggesting that genetic confounding should not be a dom-
inant explanatory factor.

A limitation of our study is that our epigenetic markers
were derived from blood cells and not brain tissue; however,
age-related DNA hypermethylation is known to be conserved
across tissues and cell types (9,40,41). Due to our relatively small
sample size, especially for the longitudinal analysis, we may have
had limited power to detect small differences, including differ-
ences in results by zygosity. The smaller sample at follow-up was
in part dictated by the need for longitudinal data on both twins
to conduct within-pair analyses. Although we cannot exclude that
sample attrition between baseline and follow-up introduced bias
in our analysis, this is unlikely given the similarity of character-
istics comparing twins who participated at follow-up with those
who did not. The original selection of participants in the ETS
included samples of twin pairs who were discordant for depres-
sion or PTSD, in addition to normal pairs. This sampling strategy
may have facilitated the detection of within-pair differences in
age acceleration. Our study also has limited generalizability, be-
cause our twin sample was mostly White and all male. However,
our co-twin control study design should have improved internal
validity and precision by intrinsically adjusting for unknown or
unmeasured familial confounders. In addition to the strengths of
a matched twin design, ours is one of only a few investigations
to examine longitudinal changes in cognitive function as a func-
tion of DNAm age acceleration, allowing the examination of the
temporality of associations. Our study is further strengthened by
a relatively long follow-up time and the use of a comprehensive
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set of DNAm acceleration indices derived using modern genome-
wide DNA methylation methodology.

In conclusion, we found that DNAm age acceleration, measured
with Horvath’s derived metrics of age acceleration (Horvath AA and
IEAA), is associated with a faster rate of cognitive decline in the do-
mains of executive function, cognitive flexibility, and memory. Our
results contribute to a growing literature that supports the role of
epigenetic modifications in cognitive aging and the risk of cognitive
disorders. Because of their dynamic nature, epigenetic modifications
are potentially reversible and thus may provide powerful means for
prevention and intervention in cognitive decline.

Supplementary Material

Supplementary data are available at The Journals of Gerontology,
Series A: Biological Sciences and Medical Sciences online.
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