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Abstract

Background. Posttraumatic stress disorder (PTSD) and stress/trauma exposure are cross-
sectionally associated with advanced DNA methylation age relative to chronological age.
However, longitudinal inquiry and examination of associations between advanced DNA
methylation age and a broader range of psychiatric disorders is lacking. The aim of this
study was to examine if PTSD, depression, generalized anxiety, and alcohol-use disorders
predicted acceleration of DNA methylation age over time (i.e. an increasing pace, or rate of
advancement, of the epigenetic clock).

Methods. Genome-wide DNA methylation and a comprehensive set of psychiatric symptoms
and diagnoses were assessed in 179 Iraq/Afghanistan war veterans who completed two assess-
ments over the course of approximately 2 years. Two DNA methylation age indices (Horvath
and Hannum), each a weighted index of an array of genome-wide DNA methylation probes,
were quantified. The pace of the epigenetic clock was operationalized as change in DNA
methylation age as a function of time between assessments.

Results. Analyses revealed that alcohol-use disorders (p=0.001) and PTSD avoidance and
numbing symptoms (p=0.02) at Time 1 were associated with an increasing pace of the
epigenetic clock over time, per the Horvath (but not the Hannum) index of cellular aging.
Conclusions. This is the first study to suggest that posttraumatic psychopathology is longitu-
dinally associated with a quickened pace of the epigenetic clock. Results raise the possibility
that accelerated cellular aging is a common biological consequence of stress-related psycho-
pathology, which carries implications for identifying mechanisms of stress-related cellular
aging and developing interventions to slow its pace.

Mounting evidence suggests that stress-related psychopathology, such as posttraumatic stress
disorder (PTSD), is associated with accelerated cellular aging in the epigenome. Specifically,
DNA methylation (DNAm) data can be used to estimate cellular age from established epigen-
etic age algorithms developed by Horvath (2013) and Hannum et al. (2013). When estimated
from whole blood, these estimates of epigenetic age (i.e. ' DNAm age’) show strong and equiva-
lent patterns of association with chronological age, despite being based on different methods
and tissues and despite the two estimates sharing very few DNAm loci. DNAm age estimates
that exceed chronological age (i.e. advanced DNAm age) have been associated with a variety of
important clinical phenotypes including shortened time until death (Marioni et al., 2015;
Chen et al., 2016; Perna et al., 2016), cancer (Zheng et al., 2016), and neurocognitive decline
among those with Alzheimer’s disease (Levine et al., 2015) and PTSD (Wolf et al., 2016). Thus
advanced DNAm age may be an important part of understanding the link between PTSD and
premature health and neurocognitive decline (see Wolf and Morrison, 2017, for a review).
Using these age calculators, a number of studies have suggested that PTSD symptoms are
cross-sectionally associated with advanced epigenetic age relative to chronological age, albeit
the effect tends to be small in magnitude and not uniform across studies. Specifically, Wolf
et al. (2016) showed that an index of PTSD symptom severity across the lifespan was associated
with advanced epigenetic age (relative to chronological age) using the Hannum, but not the
Horvath, age algorithm in a sample of 281 young veterans returning from the wars in Iraq
and Afghanistan (an overlapping cohort is featured in this study). Following this, Wolf
et al. (2017) demonstrated that PTSD hyperarousal symptoms were more specifically asso-
ciated with advanced Hannum epigenetic age in a middle-aged sample of 339 mixed war
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era veterans. In contrast, Zannas et al. (2015) found no associ-
ation between PTSD and advanced epigenetic age using the
Horvath index (the Hannum index was not evaluated in that
study) in a sample of 392 predominately female civilians with
substantial exposure to community violence. However, Zannas
et al., did report an association between the cumulative burden
of daily life stressors and advanced epigenetic age per the
Horvath algorithm. Similarly, in a sample of 101 African
American children living in an urban environment, Jovanovic
et al. (2017) showed that exposure to violence was associated
with advanced Horvath DNAm age (the Hannum index was
not evaluated). In the only longitudinal PTSD and epigenetic
age study to date, Boks et al. (2015) reported that in a sample
of 96 Dutch male veterans, increased PTSD symptoms from
immediately pre-to-post warzone exposure (i.e. difference scores)
were associated with decreased epigenetic age over the same inter-
val while combat exposure was associated with increased epigen-
etic age per the Horvath algorithm (the Hannum algorithm was
not examined).

In an effort to clarify differential patterns of association, Wolf
et al. (2018) conducted a cross-sectional meta-analysis of the asso-
ciations between trauma exposure, PTSD diagnosis and symptom
severity, and epigenetic age (per both the Horvath and Hannum
algorithms) relative to chronological age using data from nine
cohorts contributing to the Psychiatric Genomics Consortium
PTSD Epigenetics Workgroup (Ratanatharathorn et al, 2017)
which included over 2000 participants. Results suggested that life-
time PTSD symptom severity was associated with advanced epi-
genetic age per the Hannum, but not the Horvath, index and
that childhood trauma exposure, when assessed with a uniform
measure, was also associated with advanced epigenetic age per
the Hannum metric. The meta-analytic effect for PTSD was esti-
mated at unstandardized f=0.01, implying that the difference
between individuals with no PTSD symptoms v. substantial symp-
toms (i.e. severity scores of 0 v. 100 on the Clinician-
Administered PTSD Scale) was about 1.1 years, though the
cumulative burden of such symptoms over time on cellular
age was unknown.

There are two primary limitations of the foregoing studies. The
first is that, with few exceptions (reviewed below), the psychopath-
ology/DNAm age literature has largely focused on trauma and
PTSD, as opposed to other forms of psychopathology, as predic-
tors of cellular aging. The second limitation is that all but one
study employed a cross-sectional design. There is no reason to
suspect that accelerated DNAm age is unique to PTSD. Rather,
we hypothesize that accelerated epigenetic age may be a common
biological correlate of a variety of stress-related psychiatric disor-
ders. Support for this comes from multiple lines of converging
research. This includes evidence that shortened telomere length
is a common correlate of many forms of stress-related psycho-
pathology (Darrow et al., 2016) and that sleep disturbance, a
transdiagnostic symptom across psychological disorders, was
associated with advanced age per a Hannum-based metric of epi-
genetic age that also incorporated age-related components of the
immune system (though it was not associated with advanced
Horvath age; Carroll et al., 2017). Moreover, PTSD is highly
comorbid with a range of other psychiatric conditions including
those spanning internalizing (e.g. depression and anxiety) and
externalizing (e.g. substance use disorders) psychopathology
dimensions (Kessler et al., 1995; Miller et al., 2012) and this raises
the possibility that PTSD comorbidity may also contribute to
accelerated aging. In addition, accelerated DNAm age has been
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associated with a variety of other conditions including
Alzheimer’s disease (Levine et al., 2015), cancer (Durso et al.,
2017), and obesity (Quach et al, 2017), which would argue
against the specificity of accelerated DNAm age to trauma and
PTSD. That said, it is important to note that the few studies
which did examine epigenetic age and other forms of psychopath-
ology found null or negative associations. One post-mortem study
found reduced Horvath epigenetic age (relative to chronological
age) in neurons in the orbitofrontal cortex among 37 heroin
users who overdosed in comparison with both controls and non-
overdose suicide cases (Kozlenkov et al, 2017). Two studies
reported null effects between schizophrenia and Horvath
DNAm age residuals assessed in temporal (McKinney et al,
2017) and frontal (Voisey et al., 2017) post-mortem brain tissue.

The general focus on cross-sectional studies has precluded
evaluation of the predictive strength of psychopathology on
changes in DNAm age acceleration. This concern is accentuated
in light of preliminary evidence from epidemiological cohorts
suggesting that accelerated Horvath epigenetic age is largely stable
over time (Kananen et al, 2016), raising the possibility that
observed relationships with PTSD may reflect co-occurring phe-
nomena, as opposed to a causal association. It is important to
test this by examining potential pathogenic environmental factors
that might impact the stability of accelerated aging. The primary
aim of this study was to examine the predictive strength of post-
traumatic psychopathology [PTSD, major depressive disorder
(MDD), generalized anxiety disorder (GAD), and alcohol-use dis-
orders] in association with accelerated epigenetic aging over time.
A second aim was to test the utility of a novel approach to quan-
tifying accelerated DNAm age over time using a metric that cap-
tured changes in the pace of epigenetic aging relative to
intervening time. This was accomplished in a longitudinal sample
of 179 veterans post-deployment to the wars in Iraq and/or
Afghanistan, who had DNAm data available at two-time points,
spanning, on average, 1.89 years.

Methods
Participants

Participants were US military veterans of the post 9/11 conflicts who
were enrolled in the ongoing research protocol, the Translational
Research Center for TBI and Stress Disorders (TRACTS), a US
Department of Veterans Affairs (VA) Rehabilitation Research
and Development Traumatic Brain Injury Center of Excellence
at VA Boston Healthcare System. TRACTS (McGlinchey et al.,
2017) is a longitudinal investigation of traumatic brain injury
(TBI), traumatic stress, health, and neural and cognitive factors
among returning veterans. Study exclusion criteria were neuro-
logical illness, history of seizures unrelated to head injury,
acute psychotic or bipolar disorder, severe or unstable psycho-
logical diagnosis that prevented participation, acute homicidal
and/or suicidal ideation with intent to act, and cognitive disorder
due to general medical condition other than TBI. Analyses for
this study were based on a subset of TRACTS participants with
Time 1 (T1) and Time 2 (T2) DNAm data at the time of our
second data freeze in which DNA was sent for processing. We
had previously obtained DNAm data using the Illumina
HumanMethylation 450k beadchip on 281 participants at their
T1 visit and reported on cross-sectional associations between
PTSD and accelerated DNAm age in that initial cohort in Wolf
et al. (2016). Of that group, 153 returned for a second visit
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and an additional 26 new T1 veterans enrolled in the protocol
and returned for a T2 visit prior to the data freeze, yielding a
total T1/T2 sample size of 179. DNAm values were simultaneously
obtained on the Illumina EPIC beadchip for both T1 and T2,
including for those with existing T1 DNAm data from the
450k beadchip.

Of the longitudinal sample of n =179, 88.3% were male veter-
ans and the mean age at T1 was 32.84 years (range: 19-65; s.0. =
9.28; Table 1). The majority of the sample (75.7%) self-reported as
white, 12.4% as Hispanic or Latino/a, 9.6% as black, 1.7% as
Asian, and 0.6% as American Indian (Table 1).

Procedure

After providing written informed consent, participants completed
a comprehensive interview- and self-report-based psychological
assessment, with diagnostic interviews administered by doctoral-
level psychology professionals. Each interview was reviewed by a
team of psychologists to inform consensus ratings of presence/
absence of psychological diagnoses. Blood was drawn at each
time point for DNA extraction and metabolic assays. The two
assessment points occurred an average of 1.89 years apart
(Table 1). The study was approved by the VA Boston Healthcare
System IRB.

Measures

Traumatic Life Events Questionnaire (TLEQ; Kubany et al.,
2000), a self-report assessment of exposure to 21 trauma types,
was used to quantify the number of different types of traumatic
experiences reported at T1. PTSD was assessed with the
Clinician-Administered PTSD Scale for DSM-IV (CAPS; Blake
et al., 1995). This well-validated diagnostic interview was admi-
nistered to capture current (past month) symptoms, the worst
period of symptoms post-military discharge, and any pre-military
symptoms. Follow-up analyses focused on PTSD symptom clusters
using factor scores representing latent lifespan severity of PTSD
symptoms at T1. Other psychiatric disorders (mood, anxiety,
and substance use) were measured with the well-established
Structured Clinical Interview for DSM-IV Disorders (SCID; First
et al., 1997; Spitzer et al., 1998).

DNA data

Genotypes
DNA was extracted from peripheral blood samples and genotyp-
ing obtained via the Illumina HumanOmni2.5-8 beadchip.
Genotypes are relevant as they pertain to the development of
principal components (PCs) to model ancestry (Supplementary
Materials).

Methylation

DNA was hybridized to the Infinium MethylationEPIC bead-
chip according to the manufacturer’s protocol. To reduce the
possibility of systematic bias, T1 and T2 samples were run
together on the same chip using a balanced chip design. We fol-
lowed the processing pipeline established by the PGC PTSD
Epigenetics workgroup (Ratanatharathorn et al, 2017) for the
[lumina HumanMethylation450 BeadChip, but applied here to
the EPIC chip (Supplementary Materials).
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Table 1. Demographic and psychiatric characteristics of the longitudinal
sample (n=179)

Variable Mean (s.p.) % (n)
Sex (male) 88.3 (158)
Race
White 75.4 (135)
Black 9.5 (17)
Latino/a 11.7 (21)
Asian 1.1 (2)
Age (T1) 32.84 (9.28)
Years between T1 and T2 1.89 (0.65)
Education (# of years of schooling) 13.97 (1.92)
Current PTSD diagnosis (T1) 59.2 (106)
Current PTSD symptom severity (T1) 45,57 (30.02)
Lifetime PTSD diagnosis (T1) 76.5 (137)
Current MDD diagnosis (T1) 20.1 (36)
Current GAD diagnosis (T1) 7.3 (13)
Current alcohol-use disorder (T1) 16.2 (29)

T1, time 1; T2, time 2; PTSD, posttraumatic stress disorder; MDD, major depressive disorder;
GAD, generalized anxiety disorder.

Calculation of epigenetic age

Horvath DNAm age estimates were computed with an R script
based on the 335 probes that were assessed on the EPIC chip
and passed quality control (QC). For the Hannum algorithm,
data were normalized using the beta mixture quantile dilation
(BMIQ), as in prior publications (Wolf et al., 2016; 2017; 2018;
Supplementary Materials). We have previously demonstrated
(Logue et al, 2017) that the correlations between EPIC chip-
derived Horvath and Hannum age estimates with chronological
age (rs=0.90 and 0.87, respectively) were very similar to those
reported for Infinium-derived Horvath and Hannum estimates
(rs = 0.88; Wolf et al., 2016).

White blood cell (WBC) count estimation
Proportional WBC counts at T1 and T2 were estimated from the
methylation data (Supplementary Materials).

Data analyses

Operational definition of accelerated aging in DNAm over time
We examined a new metric of accelerated aging over time focused
on the pace of change in the raw DNAm age estimates (i.e. the
rate at which the epigenetic clock advances). This was defined
as the difference in raw DNAm age estimates (T2-T1) over
time as a function of the time between the two assessments:

Rate of raw DNAm age change per calendar year
_ T2 DNAm age - T1 DNAm age
~ # of years between T1 & T2 assessments

A score of 1.0 indicates that for each year between the two
assessments, DNAm age also increased by 1 year. Values greater
than 1.0 suggest an accelerated pace of DNAm age change relative
to the number of intervening years, while values less than 1.0 are
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indicative of slower pace of the epigenetic clock relative to time
between assessments.

Analytic plan

We first calculated the correlation between the DNAm age esti-
mates and chronological age at each time point. We then
extracted DNAm age residuals for T1 and T2 data (defined by
the residuals from an equation in which T1/T2 chronological
age was regressed out of the T1/T2 Hannum and Horvath
DNAm age estimates, respectively) and compared DNAm and
DNAm residual correlations across the Horvath and Hannum
algorithms. Positive residuals reflect over-predicted DNAm age
(i.e. advanced epigenetic age) at a given time point. We examined
the stability of DNAm age and DNAm age residuals over time
both within and across algorithms via correlation and by examin-
ing the descriptive statistics pertaining to the average rate change
in raw DNAm age estimates per calendar year per the operational
definition defined above. We also examined the stability of the
estimated WBCs using correlation.

We conducted two multiple regressions apiece for the two
(Horvath/Hannum) DNAm age rate variables: the first simultan-
eously evaluated the contribution of T1 current diagnoses of
PTSD, MDD, GAD, and alcohol-use disorderst to the pace of epi-
genetic aging and the second evaluated the contribution of T1 life-
span PTSD symptom cluster severity to this phenomenon. T1
lifespan PTSD symptom cluster severity was represented by factor
scores from a confirmatory factor analysis (CFA) of scores on pre-
military, post-military, and current (T1) PTSD symptom clusters.
Each regression controlled for sex, the top two ancestry PCs, and
T1 total trauma exposure. We did not include WBCs as covariates
because the dependent variable captured change across T1 and T2
DNAm age and it was not evident which set of WBCs (if any)
should be included. Rather, we examined this question in prelim-
inary regressions (detailed in Supplementary Materials) which sep-
arately tested T1 and T2 WBCs as predictors of the pace of DNAm
change. In follow-up analyses detailed in Supplementary Materials,
we evaluated interactions between psychopathology and demo-
graphic variables and examined potential confounds (cigarette
use, body mass index, traumatic brain injury, psychotropic medica-
tion use) of our primary associations of interest. In additional
follow-up analyses detailed in Supplementary Materials, we also
evaluated if a change in psychopathology variables over the two
assessment points covaried with the rate of DNAm age change.
As each analysis was executed twice (once for Horvath and once
for Hannum-based indices), we performed a statistical procedure
to correct the p values using a Monte Carlo null simulation with
1000 replicates that also took into account the correlational struc-
ture of the dependent variables.

Results
Estimated DNAm age

DNAm age estimates were strongly associated with chronological
age. Specifically, correlations between Horvath DNAm age and
chronological age were r=0.90 (p<0.001) and r=091 (p<
0.001) at T1 and T2, respectively. Hannum DNAm age correla-
tions with chronological age were r=0.88 (p<0.001) and r=
0.85 (p<0.001) at T1 and T2, respectively. At T1, the Horvath
and Hannum estimates correlated with each other at r=0.88

1The notes appear after the main text.
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(p<0.001) and at T2, at r=0.87 (p<0.001). At both T1 and
T2, the correlation between the Horvath and Hannum age resi-
duals was r=0.44 (p <0.001).

Stability of DNAm age estimates and WBCs over time

The raw DNAm age estimates were highly correlated over time:
THorvath = 0.95, P < 0.001; Fiannum = 0.93, p<0.001. The DNAm
age residuals were also highly correlated over time (Table 2).
Horvath DNAm age estimates increased at a rate of, on average,
0.76 years per calendar year (s.0.. 1.75, range: —3.62 to 7.11
years) while Hannum DNAm age estimates increased by an aver-
age rate of 1.10 years per calendar year (s.n.: 1.68, range: —5.35 to
5.86). WBC proportional estimates were highly correlated (across
the same cell type) over time (range: s =0.67 to 0.75; Table 3).
The rate of change in the raw DNAm age estimates was weakly
correlated across the Horvath and Hannum algorithms (r=0.26,
p <0.001). Neither T1 nor T2 WBCs was associated with epigen-
etic age acceleration and thus WBCs were not included in subse-
quent models (Supplementary Materials).

PTSD, MDD, GAD, and alcohol-use disorders as predictors of
the rate of DNAm age acceleration

We examined if T1 PTSD, MDD, GAD, or alcohol-use disorders
predicted the rate of epigenetic aging.> Alcohol use diagnoses at
T1 were associated with the rate of epigenetic aging estimated
via the Horvath algorithm (8=0.26, p=0.001, corrected p=
0.002; Table 4). The mean rate of epigenetic aging as a function
of T1 alcohol-use diagnosis was 1.58 years, indicating that indivi-
duals with a T1 alcohol use disorder evidenced a 1.58 year DNAm
age increase per calendar year (compared with 0.60 among those
without a T1 alcohol use disorder; p =0.006; Fig. 1). None of
the mental health diagnoses predicted the rate of epigenetic
aging estimated with the Hannum method (Table 4). The associ-
ation between alcohol-use disorders and the rate of change in
DNAm age was not moderated by demographic characteristics
(Supplementary Materials).

PTSD symptom cluster severity as a predictor of the rate of
DNAm age acceleration

In the PTSD symptom cluster factor score’ models, T1 avoidance
and numbing symptoms were associated with an increased pace
of epigenetic aging per the Horvath index (8= 0.43, p =0.016, cor-
rected p = 0.029; Table 4, Fig. 2).%* There were no significant pre-
dictors of the rate of epigenetic aging as estimated by the
Hannum method (Table 4). There was no evidence that demo-
graphic variables moderated the associations between PTSD symp-
tom clusters and epigenetic aging and no evidence that change in
psychiatric diagnoses or symptoms across the two assessment
points was associated with the rate of DNAm age acceleration
(Supplementary Materials).

Discussion

Longitudinal study is critical for distinguishing the neurobiological
correlates of trauma- and stress-related psychopathology from the
neurobiological consequences of such symptoms. In this first longitu-
dinal study of the associations between a range of posttraumatic psy-
chiatric disorders and change in epigenetic age, we found that PTSD
avoidance and numbing symptoms and alcohol-use disorders
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Table 2. Descriptive statistics (and correlations) pertaining to DNAm age residuals and the rate of DNAm age change over time

1. T1 DNAm age residual 0.00 (3.85) —9.96 to 10.61 0.00 (3.61) —11.91 to 9.51 =
2. T2 DNAm age residual 0.00 (3.53) —9.11 to 9.43 0.00 (3.86) —13.51 to 8.90 0.72/0.76 =
3. A Raw DNAm age/year 0.76 (1.75) -3.62 to 7.11 1.10 (1.68) —5.35 to 5.86 —0.49/-0.25 0.22/0.40 =

DNAm, DNA methylation; T1, time 1; T2, time 2; diff, difference.
Note. All correlations were statistically significant at the p <0.01 or better level.

Table 3. Stability (Pearson correlations) of white blood cell proportional estimates over time

1. CD8T 0.75*** —0.13 —0.06 0.02 —0.07
2. CDAT —0.15* 0.71*** 0.04 0.14 —0.21**
3.NK —0.07 —0.08 0.72*** 0.02 0.03
4. B cells 0.04 0.16* —0.01 0.75%** —0.10
5. Monocytes —0.11 —0.07 —0.02 —0.09 0.67***

*p<0.05. **p <0.01. ***p<0.001.

Table 4. Regression results predicting the rate of epigenetic aging over time

1. Stress-related Dxs

PC1 177 1.78 0.08 0.32 —2.18 1.66 —0.10 0.19
PC2 —1.05 1.76 —0.05 0.55 —0.03 1.64 0.001 0.99
Sex —0.67 0.43 —0.12 0.12 —0.56 0.40 —0.11 0.16
T1 trauma —0.07 0.08 —-0.07 0.39 0.05 0.08 0.05 0.53
T1 current PTSD dx —0.03 0.30 —0.01 0.92 —-0.30 0.28 —0.09 0.28
T1 current MDD dx —0.07 0.35 —0.02 0.85 —-0.51 0.33 —0.13 0.12
T1 current GAD dx 0.48 0.50 0.07 0.34 -0.41 0.47 —0.07 0.38
T1 current Alc. dx 1.24 0.37 0.26 0.001 0.50 0.35 0.11 0.16

2. PTSD Sx clusters

PC1 2.40 181 0.10 0.19 —2.03 1.68 —0.10 0.23
PC2 0.24 1.78 0.01 0.89 0.10 1.65 0.01 0.95
Sex —0.65 0.43 —0.12 0.13 —0.58 0.40 —0.12 0.14
T1 trauma —0.04 0.09 —0.04 0.62 0.03 0.08 0.04 0.69
T1 reexp —0.05 0.05 -0.21 0.27 —0.03 0.04 —0.15 0.46
T1 avd & numb 0.08 0.04 0.43 0.02 0.03 0.03 0.15 0.42
T1 hyperarousal —0.04 0.04 —-0.16 0.34 —0.02 0.04 —0.09 0.59

DNAm, DNA methylation; PTSD, posttraumatic stress disorder; PC, principal component; T1, time 1; sx, symptom; dx, diagnosis; reexp, re-experiencing; avd, avoidance; numb, numbing; MDD,
major depressive disorder; GAD, generalized anxiety disorder; Alc, alcohol.
Note. All PTSD severity variables were factor scores derived from a confirmatory factor analysis of pre-military, post-military, and current PTSD symptoms as assessed at T1.

predicted increases in the pace of the epigenetic clock. This study  neurobiological consequences of psychopathology. A quickened
represents an important first step in extending results of prior  pace of the epigenetic clock could contribute to early onset of
cross-sectional research and advancing our understanding of the = age-related health decline, such as cardiometabolic disorders
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2.5

1.5 -

Rate of DNAm Age Change
per Year (Horvath)

Negative Positive
Alcohol Abuse/Dependence at T1

Fig. 1. The figure shows the mean differential rate of change in the Horvath DNAm
age estimate per year as a function of alcohol-use disorder diagnoses at time
1. Error bars represent standard errors. DNAm, DNA methylation; T1, time 1.

Rate of DNAm Age Change per Year (Horvath)

Avoidance & Numbing Factor Scores

Fig. 2. The figure shows the relationship between time 1 avoidance and numbing
PTSD latent variable factor scores in association with the rate of change in estimated
DNAm age each year per the Horvath algorithm (controlling for all other covariates in
the model as per Table 4, Model 2). DNAm, DNA methylation.

(Perna et al., 2016), cognitive decline (Levine et al., 2015; Marioni
et al., 2015), and mortality (Marioni et al., 2015; Chen et al., 2016;
Wolf et al., 2017). Results also highlight the utility of a novel met-
ric to represent the changing pace of the epigenetic clock that was
directly interpretable. We suggest that prior cross-sectional stud-
ies, including our own, should be conceptualized as examining
associations between psychiatric phenotypes and advanced but
not necessarily accelerated, DNAm age. In contrast, by modeling
the changing speed of the epigenetic clock compared with the
passage of time, we were able to more definitively quantify accel-
eration of cellular age.

Though alcohol-use disorders per se have not previously been
investigated in association with a changing pace of the epigenetic
clock, our results are broadly consistent with one prior cross-
sectional study which suggested that problematic alcohol use
was associated with advanced DNAm age. Specifically, in a popu-
lation study that included DNAm data from 105 individuals,
heavy alcohol use was related to advanced epigenetic age using
a DNAm age index developed by Weidner and Wagner (2014),
based on just three loci obtained via pyrosequencing. We did
not evaluate that index because it did not evidence as strong an
association with chronological age in the validation samples
(Weidner and Wagner, 2014) compared with the Horvath
(2013) and Hannum et al. (2013) metrics and because we did
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not have DNAm data on loci that were not on the Illumina
chip. In contrast to Weidner and Wagner (2014), a recent cross-
sectional study suggested that moderate alcohol use was not
related to DNAm age residuals per the Horvath metric, but it
was negatively associated with a related index hypothesized to
reflect immune system age more generally (Quach et al., 2017).
That index was referred to as ‘extrinsic epigenetic age acceleration’
and it was operationalized as the residuals obtained from an equa-
tion in which chronological age was regressed from Hannum
DNAm age estimates combined with age-weighted WBC esti-
mates (Quach et al., 2017). We did not examine the extrinsic epi-
genetic age index in this study because: (a) we wanted to extend
our prior work on advanced DNAm age specifically; (b) doing
so would complicate interpretation of the rate variable as WBCs
are not intrinsically linked to the passage of time in the way
DNAm age is; and (c) it is not evident how DNAm v. WBCs con-
tribute to effects observed for the extrinsic epigenetic age index.
Despite differential quantification of DNAm age indices across
our study and the aforementioned ones, results collectively raise
the possibility that alcohol-use disorders may accelerate epigenetic
aging while moderate alcohol use may be protective; additional
research is needed to test this directly.

Prior epigenetic studies suggest that alcohol-related phenotypes
are associated with differential DNAm profiles (Zhang and
Gelernter, 2017). A number of epigenome-wide association studies
(EWAS) have together implicated alcohol-related phenotypes in
association with methylation of genes involved in immune
response, signal transduction, metabolism, and apoptosis-related
gene networks (Zhang et al., 2013; Zhao et al, 2013; Harlaar
et al, 2014; Philibert et al, 2014; Liu et al., 2016). There are
also numerous candidate gene DNAm studies of alcohol-use,
two of which are notable because the genes are relevant to the
Horvath algorithm. Specifically, differential methylation of the
gene promoter region of ANP (which encodes for the atrial natri-
uretic peptide, a vasodilator secreted by heart muscle cells) was
reported in association with alcohol withdrawal (Glahn et al,
2014). A probe in the gene encoding the corresponding receptor
(ANPRC: atrial natriuretic peptide receptor) is part of the
Horvath DNAm age algorithm, which could potentially contribute
to the sensitivity of DNAm age to alcohol-related phenotypes.
ANP has strong anxiolytic effects, and attenuates the stress
response by inhibiting the hypothalamic-pituitary-adrenal (HPA)
axis, via moderation of adrenocorticotropin (ACTH) and cortisol
(Antoni et al, 1992; Wiedemann et al, 2001; Strohle et al,
2006). Likewise, methylation of the 5" upstream promoter of the
hormone precursor polypeptide pro-opiomelanocortin (POMC)
gene evidenced marginal associations with alcohol-use disorders
and was specifically associated with alcohol cravings among
those with alcohol-related disorders (Muschler et al, 2010).
POMC is also involved in regulation of the HPA axis and a
probe in POMC is included in the Horvath DNAm age algorithm.
These findings are broadly consistent with evidence that the
probes that comprise the Horvath DNAm age index are responsive
to glucocorticoid modulation (Zannas et al, 2015) and that
advanced Horvath DNAm age is associated with greater diurnal
cortisol (Davis et al., 2017).

In addition to shared sensitivity to glucocorticoids, there is evi-
dence for a common role of inflammation and immune system
dysregulation across PTSD, alcohol-use disorders, and cellular
aging. Specifically, heavy alcohol use is associated with increases
in memory T-cells and reductions in naive T-cells (Cook et al.,
1994; 1995), which could contribute to the association between
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alcohol use and infections (Szabo and Mandrekar, 2009).
Consistent with this, a gene expression study conducted in a
small sample found that alcohol dependence was associated
with enrichment in T-cell receptor genetic pathways (Beech
et al., 2012). PTSD has been similarly associated with changes
in adaptive immunity, including increases in late-stage differen-
tiated T-cells and decreases in naive T-cell populations
(Sommershof et al, 2009; Aiello et al, 2016), as well as gene
expression profiles enriched for innate immune system signaling
(Breen et al., 2015). Shifts in T-cell populations from naive to dif-
ferentiated types is often conceptualized as part of an immunose-
nescent profile that is itself a biological indicator of aging
(Macaulay et al, 2013; Filop et al., 2016), and one that can con-
tribute to increased inflammation via pro-inflammatory cytokines
(Macaulay et al, 2013). Both alcohol-use disorders (Achur et al,
2010; Leclercq et al., 2012) and PTSD (Passos et al., 2015; Miller
et al., 2017) are also associated with increased inflammatory para-
meters including C-reactive protein, IL-6, and TNFe; inflamma-
tion may be a common pathway across the two disorders.
Finally, accelerated DNAm age has also been associated with
both increased inflammation (Quach et al., 2017) and reductions
in CD4-T cell proportions (Marioni et al., 2015; Chen et al., 2016;
Wolf et al., 2018). Collectively, this suggests that one possible
mechanism for the common association between PTSD and
alcohol-use disorders and an increased pace of the epigenetic
clock is alterations in key immune and inflammation pathways.

Differential findings relative to prior work

We have previously reported (Wolf et al., 2016; 2017; 2018) cross-
sectional associations between PTSD and the Hannum, but not
Horvath, index of DNAm age residuals. The only prior study to
report an association between PTSD and the Horvath index of
epigenetic age suggested that increased PTSD symptoms were
associated with decreased epigenetic age, but the relative relation-
ship with chronological age was not modeled (Boks et al., 2015).
In contrast, stress (Zannas et al., 2015), trauma (Boks et al., 2015),
and violence exposure (Jovanovic et al., 2017) have previously
shown positive associations with Horvath advanced age. One pos-
sible explanation for these different patterns of association is that
the effects of stress, trauma, and psychopathology on
Horvath-defined epigenetic aging may be slow to manifest and
cumulative, and therefore only evident in longitudinal studies,
such as this one, and studies that examine the effects of prior
trauma exposure over the course of many years. The Horvath esti-
mate is a reliable index of chronological age across many tissue
types (Horvath, 2013) and thus may be fairly robust to the
acute or transient effects of biological processes in any one par-
ticular tissue type (e.g. metabolic aberrations found in blood).
Additional research is needed to examine this possibility and
account for differences in the two metrics of accelerated epigen-
etic age.

Another difference between the results of this study and that of
Wolf et al. (2017) is that we previously demonstrated cross-
sectional associations between the hyperarousal PTSD symptom
cluster and advanced Hannum DNAm age whereas these longitu-
dinal results supported an effect for the avoidance and numbing
symptom cluster. This could be related to differences in the two
age algorithms or to differences in the study methodology (cross-
sectional v. longitudinal, use of different Illumina beadchips) and
sample composition (e.g. young v. middle-aged veterans; mixed
ancestry compared with a white, non-Hispanic sample) across
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the two studies. Replication in other studies is needed to deter-
mine if a given PTSD symptom cluster is more strongly associated
with accelerated cellular aging.

Limitations and conclusions

Results of this study should be considered in light of a num-
ber of limitations. The sample comprised primarily of white,
non-Hispanic men who were military veterans thus the general-
izability of the results is limited and additional research in more
heterogeneous samples is necessary. This is all the more import-
ant given evidence from prior work that age acceleration may dif-
fer by sex (Hannum et al., 2013; Marioni et al., 2015; Wolf et al,,
2017) and possibly ethnicity (Horvath et al., 2016). As well, as all
participants were trauma-exposed, we could not fully evaluate
potential effects attributable to trauma exposure (but did include
a metric of trauma load in the analyses). The stability of DNAm
age estimates over time yields little variability in the rate of
change over time and is likely one reason that effect sizes are rela-
tively small in magnitude, consistent with prior work (Wolf et al.,
2016, 2017, 2018). Thus, caution is needed in interpreting results
as the implications on gene expression are currently unknown
(Breton et al, 2017). Related to this, although the longitudinal
design is a strength of the study, the interval between assessments
was fairly small (on average, just under 2 years), and it is possible
that greater time between assessments is necessary to fully under-
stand the cumulative effects of psychological stress on accelerated
aging. As with any study, we cannot rule out possible confounds
that could account for the primary findings of the study and
there is much that is not yet known about the mechanisms
underlying accelerated epigenetic aging that could be important
for understanding and contextualizing these results. All of
these limitations highlight the importance of future replication
efforts in large, independent cohorts.

In conclusion, this study is the first to suggest that PTSD
symptoms and alcohol-use disorders were associated with a
quickening pace of the epigenetic clock, per the Horvath-derived
estimate of DNAm age. Findings raise the possibility of overlap in
the biological consequences of the two disorders. Results also
demonstrated the applicability of the epigenetic age algorithms
to DNAm data obtained from the latest Illumina methylation
beadchip, the Infinjum MethylationEPIC array, and highlight a
novel approach to quantifying change in age acceleration. The
study addresses a number of critical gaps in the literature to
date, through use of a longitudinal design and the focus on the
predictive strength of an array of posttraumatic psychiatric condi-
tions that may have a shared pathophysiology. Findings from this
study highlight the need to take the critical next steps in under-
standing accelerated epigenetic age and its contribution to health
and disease. In particular, it is important to identify the biological
mechanisms underlying accelerated aging and determine if inter-
vention, including pharmacological approaches, meaningfully
alter or improve the pace of epigenetic aging and thereby reduce
the risk of premature health decline.

Notes

! We did not have interview-based symptom severity scores for DSM-IV diag-
noses other than PTSD, thus the first regression focused on case/control status
for each diagnosis.

% Cross-sectional associations for all psychopathology models in association
with T1 DNAm age residuals are reported in the Supplementary Materials
for completeness (but overlap with results reported in Wolf et al., 2016).
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*> The CFA used to develop the lifespan PTSD symptom factor scores at T1 fit
the data well: %* (15) = 13.91, p = 0.53, root mean square error of approximation
<0.001, confirmatory fit index = 1.0, Tucker-Lewis index = 1.0, standardized root
mean square residual = 0.02. All symptom cluster scores from each time period
loaded significantly on each T1 lifespan symptom cluster factor.

* Results were unchanged when we covaried for childhood trauma exposure
(prior to age 18) in place of total trauma exposure.

> We also tested a model in which PTSD symptom clusters and alcohol-use dis-
orders were included in the same regression and found that both avoidance and
numbing symptoms (8=0.38, p=0.032) and alcohol-use disorders (f=0.24,
p =0.002) were significantly associated with the pace of Horvath epigenetic age.

Supplementary material. The supplementary material for this article can
be found at https://doi.org/10.1017/S0033291718001411
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