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1 Abstract

We aimed to understand the long-term impact of negative life events (NLE) on epigenetic aging in
1,808 adults from the Netherlands Twin Register, analyzing five epigenetic biomarkers (Hannum,
Horvath, PhenoAge, GrimAge, DunedinPACE) and a series of NLE, including victimization and economic
hardship. In population-level analyses, associations between a higher number of NLE (particularly
financial adversities, sexual crimes, and job loss) were seen for GrimAge and DunedinPACE
biomarkers. The association between the number of NLE and financial problems and epigenetic age

acceleration measured by the GrimAge biomarker persisted after adjusting for BMI, smoking, and
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white blood cell counts. In monozygotic twin pairs discordant for NLE (274 pairs) the associations
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were diminished, indicating that the population associations may be confounded by shared familial
11 (genetic and environmental) factors. These findings underscore the intricate link between
12 environmental stressors and biological aging, stressing the need for comprehensive studies

13 considering both genetic and environmental influences.

14 Keywords: Discordant Twin Analyses, DNA Methylation, Epigenetic Biomarkers, Biological Aging,

15 Negative Life Events
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Negative life events influence numerous aspects of lives of individuals who experience these
events. Extensive prior research has consistently linked the experience of negative life events to
negative life outcomes across domains such as relationships, employment, and elevated risks of health
problems, including mental health problems, poor cognitive functioning, cardiovascular disease,
gastrointestinal complications, musculoskeletal problems, reproductive challenges, compromised
immune function, and disruptions in the endocrine system (e.g., Dag et al., 2020; Monaghan &
Haussmann, 205; Patton et al., 2003; Young & Schieman, 2012). Previous research also revealed a

connection between negative life events and premature mortality. For example, Pridemore and Berg
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(2017) found that men who had recently experienced violence have 2.6 times higher odds of facing
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premature death in comparison to those who had not experienced this. Research into adverse
11  childhood experiences has revealed profound and enduring effects on lifespan: a study by Brown et
12 al. (2009) found that individuals who have endured six or more of such experiences typically have a
13 life expectancy nearly 20 years shorter than those without such adversities.

14 Given the substantial evidence linking negative life events to a range of poor life outcomes
15  and health, we ask how we may understand the underlying biological mechanisms that mediate these
16  effects. While multiple factors contribute to the complex interplay between exposure to negative life
17  events and health outcomes, one area gathering significant attention is the role of epigenetics.
18 Epigenetic changes to the DNA code affect gene expression, without changing the code itself. In large-
19 scale epidemiological studies, epigenetic changes can be measured by differential DNA methylation.
20 DNA methylation is a process where a methyl group is added to DNA, altering gene activity without
21  changing the DNA sequence itself, and influencing the way genes are expressed. Epigenetic markers
22 can be assessed on arrays that assess 400.000 to ~900.000 markers. Based on such DNA methylation
23 data, multiple markers of biological aging have been proposed. These biological markers are
24  developed through algorithms that estimate an individual’s ‘DNA methylation age’ based on the
25 methylation levels at specific points in the DNA, known as CpG sites (Raffington & Belsky, 2022). The
26  deviation of DNA methylation age from chronological age, referred to as “epigenetic age
27  acceleration”, has been linked to increased mortality risk (Marioni et al., 2015a) and a range of adverse
28  health outcomes, such as cognitive impairment and poor physical and cognitive fitness (Levine, Bennet
29 & Horvath, 2015; Marioni et al., 2015b). The first generation of these epigenetic age acceleration
30 measures included the Hannum and Horvath ‘clocks’ and were designed to compare the biological age
31  of older individuals with that of younger ones. These early epigenetic biomarkers utilized machine
32 learning to estimate a person's chronological age based on DNA samples collected at a specific ages.
33  While these first-generation biomarkers showed moderate effectiveness in predicting mortality, they

34  predicted less well when forecasting other age-related conditions, including diseases, disability, and

2
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declines in physiological and functional capacities (Horvath, 2013; Hannum et al., 2013; Bell et al.,
2019). The development of next-generation epigenetic markers like PhenoAge and GrimAge is a two-
step process aimed at predicting an individual's lifespan using survival analysis. Initially, PhenoAge is
created by correlating physiological markers with remaining lifespan, generating a score based on
these markers. The process then extends to incorporate DNA methylation data, refining the PhenoAge
score to a DNA methylation-based version. GrimAge, while also employing machine learning, further
includes factors like age, sex, and smoking history, offering a more comprehensive assessment of

physiological aging. Both biomarkers have proven to be more accurate in predicting morbidity and
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mortality compared to the first-generation biomarkers (Levine et al., 2018). Recently, a pace of aging
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measure has emerged, the DunedinPACE. DunedinPACE evaluates the rate of aging by analyzing
11  changes over time in multiple physiological systems. This algorithm was trained to integrate
12 information from a range of biomarkers across different body systems, like cardiovascular, metabolic,
13 renal, immune, dental, and pulmonary functions. By assessing these changes over time, DunedinPACE
14  can estimate the rate at which these systems are aging in each individual. Thus, while the Hannum,
15 Horvath, PhenoAge, and GrimAge are interpreted as biological age in years, DunedinPACE values
16 represent rates of aging (Belsky et al., 2022; Raffington & Belsky, 2022). Table 1 provides an overview
17  of the epigenetic biomarkers we will consider, with the criterion used, information about the discovery

18 sample, and interpretation of the measure’s values.

Table 1. Description of three generations of biological aging measurements.

Trainin .. . .
Measure . & Training Sample Age Predicted trait
Tissue
First Generation: Chronological age predictors
51 healthy

Horvath tissues and 7844 Adults across ?2 d'lfferent 0-100
datasets across entire lifespan

cell types . .
482 adult volunteers at UC San Chronological age prgdlcted by
Diego, University of Southern DNA methylation
Hannum Whole blood California, and West China 19-101
Hospital.
Second Generation: Mortality risk predictors
PhenoAge Whole blood SEADECIIE f;‘z:;:lhe INCHIANTI 21-100 Blood-chemistry PhenoAge
. 6935 Adults from the Framingham N
GrimAge Whole blood e Gy O Geliare 53-73 Mortality risk
Third generation: Pace of Aging
Whole 1037 participants from the I\a/Ite;gu;(;d Physiological decline
DunedinPACE Dunedin Study 1972 - 1973 birth o experienced per 1 year of
Blood 38 and 45 .
cohort. calendar time.
years
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A handful of studies examined the relationship between exposure to adverse childhood life
events and biological aging. For instance, Sumner et al. (2023) collected saliva samples for DNA
isolation in 161 participants aged 8 to 16 years and discovered that experiencing everyday stressful
life events during adolescence was associated with accelerated epigenetic aging as indexed by the
Horvath measure. Joshi, Lin, and Raina (2023) conducted a study involving 1445 individuals aged 45
to 85 from whom blood samples were collected. They explored second-generation measures and
found that childhood exposure to parental separation or divorce and emotional abuse was linked to

higher GrimAge acceleration but not to PhenoAge acceleration in later life. Raffington et al. (2021)
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examined 600 children and adolescents aged 8 to 18 in the Texas Twin Project, measuring saliva DNA
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methylation and socioeconomic circumstances. Children from more disadvantaged families and
11 neighborhoods exhibited a faster pace of aging as measured by DunedinPACE. Kim et al. (2023)
12  examined 895 adults at age 15 and later followed up with 867 of these individuals at age 20,
13  conducting DNA methylation profiling in blood samples. Their research revealed that individuals who
14  had experienced a higher number of adverse childhood experiences displayed accelerated biological
15  aging for the PhenoAge, GrimAge, and DunedinPACE. This effect persisted into midlife and earlier
16 adulthood, even after accounting for demographic, behavioral, and socioeconomic variables.
17 Research on experiencing negative life events during adulthood has focused on Post-Traumatic Stress
18 Disorder (PTSD), with conflicting findings. For instance, Wolf et al. (2019) reported that PTSD was
19 linked to faster aging based on the Horvath but not the Hannum measure, while Oblak et al. (2021)
20 found an age acceleration for the Hannum, but deceleration for the Horvath measure. Wang et al.
21 (2022) conducted a cross-sectional co-twin control study design with DZ and MZ twins discordant for
22 current PTSD to control for shared genetic and other familial factors. They found that twins with PTSD
23 exhibited significantly advanced DNA methylation age acceleration compared to their twin brothers
24 without PTSD across several biomarkers — Horvath, Hannum, and PhenoAge — but not GrimAge.
25  These findings indicated that, across most measures of DNA methylation age acceleration, twins with
26 current PTSD were ‘epigenetically older’ by an estimated 1.6 to 2.7 years of biological age than their
27  unaffected twin siblings and suggest that the effect is not influenced by genetic or shared
28  environmental confounding. In contrast, Yang et al. (2020) and Katrinli et al. (2020) found an
29  association of PTSD with GrimAge acceleration, underscoring the varying impacts of PTSD on different
30 biological aging markers. Thus, while adverse childhood experiences are linked to acceleration in the
31 Horvath, PhenoAge, GrimAge, and DunedinPACE measures, findings regarding traumatic stress
32  disorder during adulthood and accelerated aging are less consistent.

33 We aim to contribute to the existing literature by investigating the association between

34  negative life events and blood-cell-derived epigenetic age acceleration in adulthood in a large
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population-based sample of twin families from the Netherlands Twin Register (N=1808, including 421
monozygotic twin pairs). Most previous research has centered primarily on childhood adversity or
traumatic events in the context of PTSD, or focused on a restricted subset of epigenetic biomarkers.
Our study enriches the existing literature by examining a broad spectrum of negative life events,
ranging from crime victimization and financial troubles to losing a loved one in a population-based
cohort of adults, and look at the five most widely researched biomarkers: Hannum, Horvath,
PhenoAge, GrimAge, and DunedinPACE. In our study, we initially explored the link between the total

number of negative life events and epigenetic age acceleration in all participants. Next, we
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investigated the association between specific life events and epigenetic age acceleration. Finally, we
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conducted within-pair analyses among monozygotic twins who were discordant for life events. This
11 part of the study focused on comparing epigenetic age acceleration between twins who experienced
12  adifferent number of negative life events. This analysis controls for shared environmental and genetic
13  confounding (Gesell, 1942; Gonggrijp et al., 2023; Wang et al., 2022) and aims to elucidate the direct
14  impact of negative life events on epigenetic aging, independent of genetic and shared environmental
15  factors. To the best of our knowledge, this research is the first to implement a discordant twin analysis
16  concerning epigenetic biomarkers and negative life events. By examining the relationship between
17  epigenetic age and negative life events, this research seeks to shed light on the underlying
18  mechanisms linking negative life events to negative health outcomes.

19

20  Methods

21 Cohort description

22 Data were collected from participants from the Netherlands Twin Register (NTR). Respondents
23 fill out surveys on health and lifestyle every two to three years. Full details about data collection have
24 been reported previously (e.g. Ligthart et al. 2019; Distel et al. 2011). DNA was collected from buccal
25 cells and whole blood as part of multiple projects. For the current paper, we analyzed DNA
26  methylation measured in whole blood collected in the NTR-Biobank study, conducted in 2004-2008
27  and 2010-2011, (van Dongen et al., 2016; Willemsen et al., 2010). Good quality whole blood DNA
28  methylation data were available from twins, parents of twins, siblings of twins, and spouses of twins.
29 Data regarding life events were measured in a survey from 2009. Respondents were only
30 included in the sample if the survey was administered prior to the DNA sample collection. The
31  selection of participants is detailed in Figure 1, resulting in a total sample size of 1,808 individuals with

32  data on life events and epigenetic biomarkers.
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Figure 1. Flowchart of Data Selection.

Good Quality Whole
Blood Data
N =3,055

Total Sample Com'plete' Mz
N=1808 twin pairs
cakil N=421

Nieaa=77
Naary =57 Yes
NAAPReno = 164 Outliers Epigenetic Any Life Select
NaAGrim =118 Clocks Event prior to DNA Discordant
NDundinPACE = 59 collection? Twin pairs

issing Covariate
Nsmoking =3 Data

Missing Life
event data

N=35
Excluded

Note: AARH = Hannum Age Acceleration, IEAA = Intrinsic Epigenetic Age Acceleration, AAPheno = PhenoAge Acceleration,
AAGrim = GrimAge acceleration, WB = Whole Blood. Control depict participants who did not experience any life events.

Ethics

Written informed consent was obtained from all participants. The study was approved by the
Central Ethics Committee on Research Involving Human Subjects of the VU University Medical Centre,
Amsterdam, an Institutional Review Board certified by the U.S. Office of Human Research Protections
(IRB number IRB00002991 under Federal-wide Assurance- FWA00017598; IRB/institute codes, NTR
03-180).

DNA Collection
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DNA Methylation
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DNA methylation was assessed with the Infinium HumanMethylation450 BeadChip Kit
11 (lllumina, San Diego, CA, USA) by the Human Genotyping facility (HugeF) of ErasmusMC, the
12 Netherlands (http://www.glimdna.org/) as part of the Biobank-based Integrative Omics Study (BIOS)
13 consortium (Bonder et al., 2017). DNA methylation measurements have been described previously
14  (Bonder et al., 2017; van Dongen et al., 2016) Genomic DNA (500ng) from whole blood underwent
15 bisulfite treatment with the Zymo EZ DNA Methylation kit (Zymo Research Corp, Irvine, CA, USA), and
16 4l of bisulfite-converted DNA was measured on the lllumina 450k array following the manufacturer’s
17 protocol. A number of sample- and probe-level quality checks and sample identity checks were
18 performed, as described in detail previously (van Dongen et al., 2016). In short, sample-level QC was
19 conducted with the assistance of MethylAid (van Iterson et al., 2014). Probes were set to missing in a
20 sample if they had an intensity value of exactly zero, a detection p>.01, or a bead count of<3. After

21  these steps, probes that failed based on the above criteria in >5% of the samples were excluded from


https://doi.org/10.1101/2024.02.20.581138
http://creativecommons.org/licenses/by-nc-nd/4.0/

O 00 N O U A W N B

W W W W W N N N N NN N NN NN P P P B R P R PR R p
A W N R O O 0O N O 1 B W N P O O O N O U B W N R O

bioRxiv preprint doi: https://doi.org/10.1101/2024.02.20.581138; this version posted February 23, 2024. The copyright holder for this

preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY-NC-ND 4.0 International license.

Negative Life Events and Epigenetic Ageing: a Study in the Netherlands Twin Register

all samples (only probes with a success rate> 0.95 were retained). The methylation data were

normalized with functional normalization (Fortin et al., 2014).

DNA-methylation biomarker of biological aging

DNA methylation age acceleration measures of Hannum, Horvath, PhenoAge, and GrimAge
were computed through the Horvath epigenetic age calculator (https://dnamage.genetics.ucla.edu/)
and included the following outputs:

1. Hannum age acceleration—“AgeAccelerationResidualHannum” (AARH),

2. Intrinsic epigenetic age acceleration; the residual resulting from regressing the DNAm age
estimate from Horvath on chronological age and blood cell count estimates.—“IEAA”,

3. PhenoAge acceleration—“AgeAccelPheno” (AAPheno),

4. GrimAge acceleration—“AgeAccelGrim” (AAGrim)

DunedinPACE was calculated based on code accessible on GitHub

(https://github.com/danbelsky/DunedinPACE). For each of these epigenetic biomarkers, outliers

were assessed and datapoints were removed when they were 3 times above or below the
interquartile range (Nieaa = 77, Naarn = 57, Naapheno = 164, Naagrim = 118, Npundineace = 59). The age
acceleration values of the Hannum, Horvath, PhenoAge, and GrimAge biomarkers are on the same
scale; they are expressed as the difference (in units of years) in estimated biological age and
chronological. For instance, a value of 0 means that a person's biological age is equal to their
chronological age while values greater than O are interpreted as accelerated ageing and values
smaller than 0 as decelerated aging. In contrast, the DunedinPACE algorithm does not estimate
biological age (in units of years) but pace of ageing; a measure of how fast someone is ageing at the
moment of sample collection. It is scaled such that a value of 1 corresponds to people who gain 1
year in biological age per year of chronological age. Values greater than 1 are interpreted as

accelerated biological aging and values smaller than 1 are interpreted as decelerated biological aging.

Life Events

NTR administered a Dutch life event scale (the Schokverwerkings Inventarisatie Lijst; Van der
Velden et al., 1992; Middeldorp et al., 2008) in the 2009 survey. Participants were asked about traffic
accident, violent assault, sexual assault, robbery, death of a spouse or child, serious illness or injury of
self, spouse or child, job loss, and financial problems, with response categories “never experienced”,
“less than 1 year ago”, “1-5 years ago” and “more than 5 years ago”. For divorce or break-up of a
relationship equivalent to marriage, the response category was yes or no. All responses were recoded

into binary variables indicating whether an individual had ever experienced each particular event prior
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to DNA collection, with 'yes' or 'no' as possible responses. The prevalence of each type of life event is
given in Table 2. For our analyses, we also computed a sum score reflecting the total number of
negative life events encountered by a participant, ranging from 0 to 9 as no participant had

experienced all twelve life events.

Covariates

Technical Covariates

To adjust for technical variation, array row and bisulfite plate (dummy-coding) were included

as covariates.

Sex and Chronological Age

To adjust for possible sex and age effects both sex and chronological age (Kriegel et al, 2023),

measured at time of blood draw, were included as covariates.

Lifestyle Covariates

BMI was computed based on reported weight and height (kg/m2 ) obtained at blood draw.
Smoking status was classified as non-smoker (coded as 0), former-smoker (coded as 1), and current-

smoker (coded as 2) obtained at blood draw.

Cell counts

After blood collection, cell counts were measured in fresh samples with the complete cell
count method. The following subtypes of white blood cells were assessed: neutrophils, lymphocytes,
monocytes, eosinophils, and basophils (Lin et al., 2017a; Lin et al., 2017b; Willemsen et al., 2010).
Lymphocyte and neutrophil percentages were strongly negatively correlated (r=-0.93, p<0.001). Of
these two white blood cell subtypes, the percentage of neutrophils showed the strongest correlation
with DNA methylation levels (as evidenced by the correlation with PCs from the raw genome-wide
methylation data). Basophil percentage showed little variation between subjects, with a large number
of subjects (90,9%) having <1% of basophils. Therefore, the percentages of neutrophils, monocytes,
and eosinophils were included as covariates in sensitivity analyses to adjust for inter-individual

variation in white blood cell proportions.

Data availability
The HumanMethylation450 BeadChip data from the NTR are available as part of the Biobank-

based Integrative Omics Studies (BIOS) Consortium in the European Genome-phenome Archive (EGA),
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under the accession code EGAD00010000887. They are also available upon request via the BBMRI-NL

BIOS consortium (https://www.bbmri.nl/acquisition-use-analyze/bios). All NTR data can be requested

by researchers (https://ntr-data-request.psy.vu.nl/).

Statistical analysis.

Associations between experiencing negative life events and epigenetic age acceleration at the
population level were tested in R in generalized estimating equation (GEE) models taking clustering

within families into account. Initially, we assessed the impact of the total number of negative life
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events experienced by participants, creating a sum score ranging from 0 (no life events experienced)
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to 9. Subsequently, we analyzed the effect of individual life events. We first included all events in one
11 model, each coded as 0 (not experienced) or 1 (experienced life event). Next, to address overlapping
12 life events, we also conducted separate analyses for each life event, comparing participants who had
13 not experienced any of the twelve negative life events to those who experienced specific ones. GEE
14  models were fitted with the R package GEE, with the following specifications: Gaussian link function,
15 100 iterations, and the ‘exchangeable’ option to account for the correlation structure within families
16  and within persons. For each of these analyses, we considered three models. In the primary model,
17  we corrected for chronological age (as previously recommended by Krieger et al., 2023), sex, and
18 technical covariates only. Additional models were fitted to examine whether the associations between
19 negative life events and epigenetic aging might be driven by lifestyle or blood cell composition. In the
20 second model, we additionally adjusted for smoking and BMI, and in the third model, we also included
21  white blood cell proportions. We note that some (but not all) of the epigenetic biomarkers already
22 correct for (estimated) white blood cell composition by design to derive a measure of age acceleration
23 that is approximately independent of cellular composition and that one biomarker (Hannum -
24  designed to represent a marker of aging of the immune system) explicitly incorporates estimated
25  white blood cell composition in the calculation of biological age. If no significant association was found
26  between an epigenetic biomarker and a life event in the primary model, then this association was not
27  further analyzed in the second and third models.

28 After conducting the population-level analyses, we proceeded to examine the associations
29  between the number of negative life events and epigenetic aging in discordant monozygotic twin
30 pairs. Due to the small numbers of discordant monozygotic twin pairs for specific life events, such as
31 loss of a child or partner, discordant twin pair analyses were not conducted separately for the specific
32 life events. We therefore used the number of experienced life events to define discordance status
33  within monozygotic twin pairs, where the twins who did not experience the same amount of life

34  events were deemed discordant. We then performed a within-pair analysis, comparing epigenetic age

9
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acceleration between the twin who experienced the most negative life events and the twin who
experienced the least negative life events. For the within-twin pair analyses, the same three models
were considered, but the models did not correct for sex and age, as these are the same within MZ
twin pairs. This analysis was done using fixed effects regression in R (Gonggrijp et al., 2023).
Correction for multiple testing was done by Bonferroni correction for the number of
independent tests (o = 0.05/N independent tests). To estimate the number of independent
variables in the correlation matrix of the dependent variables, we employed Matrix Spectral

Decomposition (Nyholt, 2004) in R. A tetrachoric correlation matrix encompassing all 12 life events
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and a Spearman’s correlation matrix for the 5 epigenetic biomarkers was used as inputs (see

=
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Supplementary Table 1). We identified eight independent dimensions related to life events and three
11 pertaining to the epigenetic biomarkers. This resulted in a cumulative total of 8%*3=24 independent
12  tests, leading to an adjusted alpha level of 0.002. Consequently, the corresponding confidence
13 intervals in Figure 3 were adjusted to reflect this more stringent alpha level, thereby providing 99.8%
14  confidence intervals for our estimates.

15

16  Results

17 Descriptive statistics

18 Table 2 presents the prevalence of various life events experienced by participants. Being the
19  victim of theft emerged as the most common life event, experienced by 26.9% of the sample. This was
20  closely followed by serious illness at 22.5%. The death of a partner and the death of a child had the
21 lowest prevalence rates, 1.4% and 2.2% respectively. Only 548 (30.30%) participants did not
22 experience any of the measured life events. Figure 2 presents a visualization of the various life events
23 experienced by participants, highlighting the most common combinations of events. For instance,
24 while a significant number of participants reported theft as an isolated event (N=109), others have
25  experienced theft concurrently with other life events (e.g., 39 times with traffic accidents, 28 times
26  with serious illness, and 28 times with job loss). Figure 2 includes only those groups or combinations
27  of events where at least 10 individuals are represented. Supplementary Figure 1 presents a more
28  exhaustive visualization that includes all reported combinations of life events, regardless of their
29  frequency. The intricate web of intersections in the matrix section of both Figure 2 and Supplementary
30 Figure 1 indicates that a majority of participants experienced more than one negative life event
31 (N=790), rather than a single isolated incident. The live events sum score, representing the total

32 number of different life events encountered, had an average of 1.62 (SD 1.62).

10
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Table 2. Prevalence of experiencing negative life events.

Negative Life Event Not experienced Experienced
N % N %
Accident 1413 72.2% 395 20.2%
Violent Crime 1687 86.2% 121 6.2%
Sexual Crime 1674 85.5% 134 6.8%
Theft 1282 65.5% 526 26.9%
Death of Partner 1780 90.9% 28 1.4%
Death of Child 1764 90.1% 44 2.2%
Illness Partner 1561 79.7% 247 12.6%
IlIness Child 1616 82.5% 192 9.8%
Iliness Self 1368 69.9% 440 22.5%
Job loss 1465 74.8% 343 17.5%
Financial Problems 1596 81.5% 212 10.8%
End of Relationship 1560 79.7% 248 12.7%
Sum Score Mean SD Min Max
Negative Life Events 1.621 1.619 0 9

Note: Those who experienced a life event can overlap. Sum Score depicts the total
number of different events experienced.

Table 3. Descriptive statistics of the epigenetic biomarkers, chronological age, white blood cell
counts, sex, BMI, and smoking status.

N Min Max M SD
Chronological Age* 1808 17.60 79.60 37.69 13.24
AARH 1770 -19.72 41.91 -0.10 3.78
IEAA 1754 -25.87 29.78 0.01 3.99
AAPheno 1689 -30.23 40.36 -0.18 5.23
AAGrim 1732 -10.46 15.96 -0.36 3.53
DunedinPace 1767 0.62 1.39 0.97 0.11
White Blood Cells
Neutrophils % 1808 6.90 84.30 52.38 9.05
Monocytes % 1808 1.60 21.60 8.40 2.12
Eosinophils % 1808 0.00 60.10 3.11 2.38
BMI 1808 14.49 48.89 24.28 3.92
N %
Sex (1= male) 537 29.70%
Smoking Status
Never-Smoker 1059 58.57%
Former-Smoker 425 23.51%
Current-Smoker 324 17.92%

Note: * Age at time of blood collection; AARH = Age Acceleration Residual Hannum, IEAA = Intrinsic Epigenetic
Age Acceleration, AAPheno = Age Acceleration PhenoAge, AAGrim = Age Acceleration Grim Age,
DunedinPACE = Dunedin Pace of Ageing

1 Table 3 displays the descriptive statistics for the epigenetic biomarkers, white blood cell
2 counts, BMI, and smoking status. The mean age of the participants was 37.69 (SD = 13.23), and the
3 majority of the participants were female (70.30%).

11
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Population Analyses

Prior to the population analyses, a GEE was conducted to look at the associations between the
epigenetic biomarkers and the covariates as well as the life events and the covariates, see
Supplementary Tables 2 and 3. Almost all covariates showed a significant relationship with the 5
epigenetic biomarkers. For example, a higher BMI was associated with epigenetic age acceleration for
the PhenoAge, GrimAge, and DunedinPACE biomarkers. Sex differences were also observed for most,
except for PhenoAge, with men showing an acceleration compared to women in the epigenetic

biomarkers Hannum, Horvath, and GrimAge and a deceleration in the DunedinPACE biomarker.
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Therefore, these findings underscore the importance of considering factors like BMI and sex in the
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analysis of epigenetic aging.

11 Results of the first analyses, in which associations were adjusted for chronological age, sex, and
12 technical covariates, are outlined in Table 4. The Hannum, Horvath, and PhenoAge did not exhibit
13 significant associations with the total number of negative life events, or any of the specific life events
14  examined. These biomarkers were therefore excluded from further analysis. In contrast, the upper
15 part of Table 4 shows that the GrimAge and DunedinPACE biomarkers demonstrated a notable
16  increase in epigenetic aging related to the total number of experienced life events Bgrimaa = 0.276, p=
17  3.79E-06 and Bpunedinrace = 0.005, p= 0.001). The regression coefficient of 0.276 for GrimAge implies
18 that each additional life event experienced is associated with an acceleration of biological aging by
19 almost 0.3 years. Therefore, if an individual has experienced four life events, this corresponds to 0.276
20 * 4 = 1.104 additional years of biological aging in comparison to someone who has not experienced
21  any such events. The DunedinPACE biomarker is a pace of aging biomarker, and thus the regression
22 coefficient of 0.005 indicates that each additional life event is associated with an accelerated aging by
23 0.005 years per calendar year. Therefore, if an individual experiences four life events, the accumulated
24  effect would be an extra 0.02 years (0.005 *4) of biological aging per year, which corresponds to an
25 increased pace of aging of about 1 week per year. The lower part of Table 4 shows the results of the
26  subsequent analyses in which the associations with all negative life events were estimated
27  simultaneously. These analyses revealed that only financial adversities were linked to an age
28  acceleration of approximately 1.2 years in GrimAge (B = 1.215, p = 1.09E-4) when all life events were

29 considered concurrently.
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Table 4. Primary GEE Model: Associations Between Epigenetic Aging and All Negative Life Events Estimated
Simultaneously, Adjusted for Age, Sex, and Technical Covariates.

AARH IEAA AAPheno AAGrim DunedinPACE
B p B p B ¢] B 4] B 0]

Total Numberoflife 13 0679 0104 0080 0110 0.168 0276 3.79E-06 0.005 0.001

Events
Life events B p B p B p B p B p

Accident 0.267 0.209 0.146 0.478 0.536 0.067 0.057 0.765 0.004 0.475
Violent Crime 0.300 0.501 0.818 0.026 -0.019 0.972 0.229 0.528 -0.011 0.271
Sexual Crime -0.455 0.184 -0.513 0.085 -0.400 0.438 0.811 0.023 0.022 0.015
Theft -0.209 0.297 -0.022 0.910 -0.188 0.495 -0.365 0.043 -0.014 0.005
Death of Partner -0.074 0.927 1.095 0.134 0.842 0.487 0.308 0.739 0.003 0.898
Death of Child 0.214 0.692 0.418 0.481 0.722 0.386 0.965 0.180 0.026 0.080
Iliness of Partner -0.035 0.900 -0.136 0.655 -0.064 0.879 0.114 0.681 0.004 0.626
Iliness of Child -0.026 0.937 0.261 0.430 -0.389 0.365 -0.346 0.255 0.000 0.979
Iliness Self 0.172 0.386 0.216 0.280 0.340 0.250 0.277 0.175 0.011 0.048
Job loss 0.173 0.491 0.096 0.678 0.101 0.755 0.613 0.008 0.013 0.034

Financial Problems -0.277 0.326 0.238 0.378 0.459 0.220 1.215 1.09E-04 0.022 0.003
End of Relationship 0.061 0.815 -0.313 0.305 -0.023 0.952 0.391 0.157 -0.002 0.806

Note: Bold coefficients are significant (p<.002). AARH = Age Acceleration Residual Hannum, IEAA = Intrinsic Epigenetic Age
Acceleration, AAPheno = Age Acceleration PhenoAge, AAGrim = Age Acceleration Grim Age, DunedinPACE = Dunedin Pace of
Ageing.

1 We also conducted additional GEE analyses in which respondents who experienced each
individual life event were compared to a control group of respondents who reported no life events.
This approach was intended to isolate the impact of each specific life event. Results are shown in table
5. These analyses reinforced the association between financial adversities and an acceleration in

GrimAge (B = 1.536, p = 1.26E-5) and further identified significant associations for sexual crimes (B =

2
3
4
5
6 1.544 p = 1.14E-04) and job loss (B = 0.868, p = 0.001). The DunedinPACE biomarker similarly
7  showed acceleration for sexual crimes (B = 0.034, p = 0.001) and financial problems (B = 0.032, p =
8  2.76E-04). Both financial adversities and experiencing sexual crimes were thus associated with
9  approximately 1.5 years of age acceleration for the GrimAge biomarker, and an increased pace of

10  aging of 0.03 years, roughly 12 days, per calendar year to DunedinPACE.
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Table 5. Primary GEE Model: Associations Between Epigenetic Aging and Negative Life Events Estimated
Separately, Adjusted for Age, Sex, and Technical Covariates.

AARH IEAA AAPheno AAGrim DunedinPACE
Life events B p B p B p B p B p
Accident 0.146 0552 0.236 0.369 0.730 0.039 0.495 0.023 0.010 0.093
Violent Crime -0.121 0.779 0.855 0.026 0.221 0.716 0.725 0.062 -0.003 0.764
Sexual Crime -0.422 0.267 0.119 0.770 0.042 0.942 1.544 1.14E-04 0.034 0.001
Theft -0.116 0.594 0.290 0.230 0.221 0.484 0.205 0.301 -0.005 0.403
Death of Partner -0.320 0.741 1.816 0.063 0.599 0.693 0.788 0.509 0.000 0.987
Death of Child 0.229 0.687 0.829 0.319 0.905 0.288 1.095 0.162 0.035 0.039
Iliness of Partner 0.037 0909 0.456 0.226 0.534 0.288 0.488 0.130 0.014 o0.110
Illness of Child -0.067 0.854 0.699 0.086 0.137 0.792 0.330 0.387 0.015 0.137
Iliness Self 0.161 0.516 0.352 0.202 0.463 0.206 0.519 0.026 0.016  0.023
Job loss 0.017 0953 0.271 0.378 0.315 0.413 0.868 0.001 0.018 0.012

Financial Problems -0.292 0.332 0.345 0.307 0.637 0.140 1.536 1.26E-05 0.032 2.76E-04

End of Relationship 0.114 0.676 0.459 0.198 0.529 0.212 0.862 0.006 0.009 0.273

Note: Bold coefficients are significant (p<.002). AARH = Age Acceleration Residual Hannum, IEAA = Intrinsic Epigenetic Age
Acceleration, AAPheno = Age Acceleration PhenoAge, AAGrim = Age Acceleration Grim Age, DunedinPACE = Dunedin Pace
of Ageing.

1 Additional sensitivity analyses were performed for significant associations. In the second
2 model, adjusted for BMI and smoking, several associations from the basic model were no longer
3 statistically significant, and effect sizes were reduced, although the direction of effects remained the
4 same, as detailed in Supplementary Table 4. A notable change was observed with the DunedinPACE
5 biomarker. After accounting for BMI and smoking, all previously significant associations related to
6 DunedinPACE lost their statistical significance, and effect sizes were reduced by nearly half. This
7  suggests that lifestyle factors such as BMI and smoking significantly impact the associations observed
8  with this particular biomarker. In the case of the GrimAge biomarker, after incorporating BMI and
9  smoking as covariates, the age acceleration link with experiencing sexual crimes and job loss no longer
10  held statistical significance, and their effect sizes were reduced by half after the additional correction
11  for lifestyle factors. The total number of life events continued to show a significant relationship with
12 age acceleration for GrimAge, but the effect size was reduced by 38.04% with each experienced life
13 event showing an increase of 0.171 years (p = 4.24E-04). Additionally, when all life events were
14  considered in the same model, financial problems showed no significant age accelerations, and the
15  effect size was reduced by half. However, when comparing the effects of life events separately with
16  those who did not experience any life events, experiencing financial problems continued to show an
17  acceleration regarding the GrimAge biomarker (B= 0.885, p = 0.002).
18 Table 6 presents the outcomes of the third model, which took into account chronological age,
19 sex, technical covariates, lifestyle factors, and white blood cell counts when estimating the
20 associations with all life events simultaneously. Additionally, Table 7 presents the outcome of the third

3
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model with the life events considered separately. This comprehensive approach led to the attenuation
of several associations observed in the basic model. However, the GrimAge biomarker continued to
demonstrate significant associations, indicative of its robustness across various model specifications.
Table 6 shows that the total number of life effects was associated with an increase in epigenetic aging.
Specifically, each experienced life event was linked to an age acceleration of 0.166 years (p = 0.001),
thus for those who experienced 9 life events, this was linked to an increase of 0.166 * 9 = 1.5 years. In
terms of specific life events, the patterns observed in the second model persisted. Notably, the results
in Table 7 show that financial difficulties continued to exhibit the strongest association with age
acceleration, contributing to an increase of 0.855 years in epigenetic age in comparison to those who
did not experience any of the life events.

Table 6. Third GEE Model: Associations Between Epigenetic

Aging and All Negative Life Events Estimated Simultaneously,

adjusted for Lifestyle Factors and White Blood Cell Counts Age,
Sex, and Technical Covariates.

GrimAge DunedinPACE

B p B p
Total number of Life Events 0.166 0.001 0.003 0.019
Life events B p B p
Financial Problems* 0.659 0.008

Note: Bold coefficients are significant (p<.002), * all other 11 life events are
included in the model.

Table 7. Third GEE Model: Associations Between Epigenetic
Aging and All Negative Life Events Estimated Separately,
adjusted for Lifestyle Factors and White Blood Cell Counts Age,
Sex, and Technical Covariates.

GrimAge DunedinPACE
Life events B p B p
Sexual Crime 0.738 0.021 0.019 0.025
Job loss 0.384 0.070
Financial Problems 0.855 0.002 0.018 0.014

Note: Bold coefficients are significant (p<.002)

Discordant Twin Pair Analyses

Supplementary Table 5 shows the numbers of concordant and discordant MZ twin pairs for
the number of life events. In the group of 421 MZ twin pairs, we observed 147 (34.92%) pairs that
were concordant for the total number of life events and 274 (65.08%) pairs that were discordant.
Following the population analyses, discordant MZ twin pair analyses were conducted for GrimAge and

DunedinPACE and the total number of life events experienced in 274 MZ discordant pairs. Full results
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of the discordant twin analyses can be found in Supplementary Table 6. The discordant twin analysis
showed associations between the total number of life events and the biomarkers GrimAge or
DunedinPACE that were indicative of age acceleration, except for a small deceleration in Model 2
regarding the DunedinPACE biomarker. However, none of these associations were significant. Figure
4 illustrates the comparison between the population analyses and the discordant twin analyses for
the GrimAge and DunedinPACE biomarkers, showcasing results with the adjusted 99.8% confidence
intervals due to the adjusted alpha level of 0.002. It clearly shows that the associations observed in
the population sample in all models were reduced by more than half in the MZ twin analyses,

suggesting genetic and/or shared environmental confounding.

Figure 3. Associations of GrimAge and DunedinPACE with Total Number of Life Events:
Population vs. Discordant MZ Twin Analyses for the Different Models
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Note: Model 1 corrects for age, sex, and technical covariates. Model 2 additionally adjusts for BMA and smoking, and
Model 3 additionally adjusts for white blood cell count. 99.8% Cl (p<.002).
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Discussion

Our study examined the impact of a broad spectrum of negative life events on epigenetic aging
by analyzing five epigenetic biomarkers, leveraging data from the Netherlands Twin Register. This
approach allowed us to perform both between-individual and within-twin comparisons, providing a
nuanced view of how negative life events may affect the aging process. The results of our first analyses
showed that the total number of experienced life events is associated with an acceleration of
biological aging for the GrimAge and DunedinPACE biomarkers. Further analysis refined these findings

by separately evaluating the influence of distinct life events. Initially, by estimating associations for all
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life events simultaneously in a single model, financial problems showed a clear age acceleration for
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the GrimAge biomarker. To isolate the effects of specific life events, we then compared respondents
11  who experienced each life event against a control group that experienced no life events. This separate
12 analysis highlighted not only the pronounced effect of financial problems but also revealed that sexual
13 crimes were significantly associated with an increase of approximately 1.5 years of age acceleration
14  for the GrimAge biomarker and job loss with 0.86 years. The DunedinPACE biomarker paralleled these
15 findings, showing an increased pace of aging of roughly 12 days per chronological year for individuals
16  who encountered sexual crimes and financial problems. These insights show that not only the quantity
17  but also the nature of life events are associated with epigenetic aging. Our findings resonate with and
18 extend previous research that reported links between epigenetic biomarkers and childhood
19 adversities, socioeconomic challenges, and PTSD (Joshi, Lin & Raine, 2023; Raffington et al., 2021;
20 Katrinli et al., 2020; Yang et al., 2020). Our results extend these associations to a wider array of life
21 events, with the most profound impacts observed in the context of financial strain and sexual crimes.
22 Diving deeper into our results, we incorporated additional covariates, specifically BMI,
23 smoking habits, and white blood cell counts, to examine their influence on our previously observed
24 associations. Our analyses revealed that the incorporation of BMI, smoking habits, and white blood
25  cell counts significantly modified the associations between life events and epigenetic aging. Notably,
26 in the second model, which accounted for BMI and smoking, several associations identified in the basic
27  model lost their statistical significance, and the effect sizes were generally reduced. This was
28  particularly evident with the DunedinPACE biomarker, where all previously significant associations
29  became non-significant upon adjusting for these lifestyle factors. This shift underscores the potential
30 confounding effects of these covariates, suggesting that the observed acceleration in biological aging,
31  as measured by biomarkers like GrimAge and DunedinPACE, might be more intricately linked to
32 broader lifestyle factors and physiological changes rather than directly attributable to life events
33  themselves. The diminished significance of our findings post-adjustment indicates a complex interplay

34  between life events, lifestyle choices, and biological factors. For instance, it raises the possibility that
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lifestyle factors such as smoking or variations in BMI, potentially altered in response to life stressors,
could be primary drivers of epigenetic changes. Similarly, fluctuations in white blood cell counts,
indicative of various physiological responses, might mediate the relationship between life events and
biological aging. This complexity necessitates a cautious interpretation of the direct impact of life
events on epigenetic aging. The most comprehensive model, which included additional adjustments
for white blood cell counts alongside lifestyle factors, reaffirmed the associations with the GrimAge
biomarker, and both the total number of life events experienced and financial problems, albeit with

reduced effect sizes. This persistence suggests a potentially robust link between specific stressors and
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epigenetic aging, warranting further investigation. These observations are in line with previous
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research which found that that PTSD was associated with GrimAge acceleration (Yang et al., 2020, and
11 Katrinli et al., 2020).

12 Our study further delved into the age acceleration findings from the population analyses by
13  conducting discordant MZ twin analyses. By examining MZ twin pairs with differing life event
14  experiences, we controlled for shared genetic and environmental factors, providing a more
15 unobstructed view of the relationship between life adversities and biological aging. In our sample of
16 421 MZ pairs, we found that 274 pairs were discordant and 147 concordant for the number of life
17  events experienced. The high concordance in MZ pairs is consistent with genetic modeling of the life
18  event data (Middeldorp et al. 2005) which indicates that genetic and common environmental factors
19  play a substantial role in the individual differences in the experience of life events. This finding aligns
20  with the notion that genetic predispositions may influence the likelihood of encountering or
21 perceiving certain life events. However, the limited number of discordant MZ twin pairs regarding
22 specific life events implies a lower statistical power. Consequently, we chose to focus our analysis on
23 the total number of life events, rather than specific ones, as the variability within discordant pairs was
24  insufficient to robustly assess the impact of specific life events. Intriguingly, when looking at the
25  association between the total number of life events experienced and age acceleration in terms of
26  GrimAge and DunedinPACE, the effect sizes of the population were reduced by more than half in the
27  discordant twin analyses. This finding suggests that the observed acceleration at the population level
28  inbiological aging requires a more complex and nuanced explanation than that of a direct causal effect
29 by life events. Rather than expressing a causal effect, the found associations are more likely
30 confounded by shared family factors, both genetic and environmental. However, it is also possible
31 that the impact of a life event experienced by one twin could also extend to the co-twin, particularly
32 in cases of more severe incidents like the loss of a child and sexual crimes. The shared environment
33  and emotional bonds between twins mean that a traumatic event affecting one twin could also have

34  psychological, behavioral, or even biological repercussions for the other. Alternatively, financial and

7


https://doi.org/10.1101/2024.02.20.581138
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.02.20.581138; this version posted February 23, 2024. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY-NC-ND 4.0 International license.

Negative Life Events and Epigenetic Ageing: a Study in the Netherlands Twin Register

emotional support from a twin may reduce the impact of a life event. These inter-twin influences
might lead to an underestimation of the effects in the MZ twin model. This phenomenon highlights a
potential limitation in the MZ twin model, as it assumes independent exposure to life events for each
twin. To further unravel the complexities observed in this study, future research should enhance
discordant twin pair analyses, potentially with larger sample sizes, to assess the persistence of
associations when adjusting for genetic and environmental influences. This approach will be crucial in
clarifying the extent to which genetic and shared environmental factors may confound the

relationship between life events and epigenetic aging

O 00 N O U A W N B

Despite the strengths of our study, it is not without its limitations. Firstly, while our sample

=
o

size exceeded that of previous studies on negative life events and age acceleration, the specific nature
11  of some events, such as the death of a child or partner or experiencing sexual crimes, meant that only
12  a small number of individuals were affected. This limitation reduced our statistical power to detect
13 minor effects and constrained our ability to thoroughly examine these specific events in the discordant
14  twin samples, thereby limiting our capacity to draw definitive conclusions about these particular life
15 events.

16 Secondly, the subjective nature of how individuals perceive and report life events presents
17  another challenge (Kessler & Wethington, 1991; Van de Mortel, 2008). For instance, the significance
18 of an event like theft can vary greatly; one person may not consider the theft of a bicycle significant
19 enough to report, while another might. Although one might also argue that it is the subjective
20 experience that matters rather than the objective severity of the event, this subjectivity still poses a
21  challenge in standardizing and comparing experiences across individuals. Furthermore, there is
22 substantial variability in the severity of incidents within the same category. For instance, a home
23 burglary is generally more severe than bicycle theft and severe assault is more impactful than a mere
24  threat. This variation in severity, coupled with the subjective experience of respondents, makes it
25 complex to accurately categorize and assess the impact of life events. Future research, including
26  longitudinal studies, larger sample sizes, and more additional information about event severity, and
27  the support that people receive after having experienced a life event, could help to unravel these
28  complex relationships.

29 In conclusion, our study has shed light on the intricate interplay between life events and
30 epigenetic aging, highlighting the profound impact of experiencing life events on the biological aging
31 processes. While our analyses reveal that lifestyle factors and white blood cell counts can partly
32  explain the association between experiencing negative life events and aging, our findings highlight the
33  significant impact of financial difficulties and experiencing multiple life events on biological aging, even

34  after accounting for these variables. This suggests that policy initiatives aimed at reducing financial
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hardships among citizens could also have positive implications for their health. By focusing on
lessening financial stress, these policies might contribute to mitigating the accelerated aging
associated with such stressors. The discordant monozygotic twin analysis adds a layer of complexity
to our understanding as they suggested that familial factors may confound the observed associations.
This outcome highlights the need for caution in interpreting these relationships between experiencing
negative life events and epigenetic aging and underscores the importance of further research in this
area. This study not only reinforces the importance of considering a broad spectrum of life events in

epigenetic aging research but also calls for more nuanced, longitudinal studies that can address the

O 00 N O U A W N B

limitations we identified, such as the varying interpretations of life event severity and the need for

=
o

larger sample sizes for rare events. This work reinforces the importance of considering both genetic

11  and environmental factors in the study of epigenetics and aging.
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