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Low socioeconomic status (SES) in early-life and adulthood independently contribute to increased risk for aging-
related chronic diseases. One mechanistic hypothesis for these associations involves faster cellular aging of
immune cells, which could plausibly contribute to chronic disease pathogenesis by compromising host resistance
and/or up-regulating inflammation. However, little is known about the association between life-course SES and
cellular aging. The present study examines the association of early-life and current SES with a novel biomarker of
cellular aging termed the “epigenetic clock,” in monocytes. Additionally, we examine health behaviors and
depressive symptoms as potential explanatory pathways. The study involved 335 participants between the ages
of 15 and 55 from Vancouver, Canada and surrounding areas. Enrolled participants had to fit into four life-course
SES trajectories, corresponding to low-low, low-high, high-low and high-high combinations of early-life (ages 0
to 5) and current SES respectively. Cellular aging of monocytes was measured using Horvath's DNA methylation
derived measure of epigenetic age acceleration. Results indicated that socioeconomic disadvantage during early-
life, but not later in life, was associated with accelerated epigenetic aging of monocytes. No early-life SES by
current SES interaction was detected, suggesting that socioeconomic mobility is unrelated to epigenetic age
acceleration. In path analyses, neither current health behaviors nor current depressive symptoms emerged as
mediators of the early-life SES effect. These findings suggest socioeconomic disadvantage in early-life is in-
dependently predictive of cellular aging of immune cells, with potential implications for aging-related diseases
later in life.

1. Introduction vulnerability to aging-related diseases through at least partially in-

dependent mechanisms.

Aging-related chronic diseases such as heart disease, diabetes, and
cancer are among the leading causes of death worldwide. Morbidity and
mortality from these conditions are disproportionately high among
socioeconomically disadvantaged individuals (Braveman and Barclay,
2009). Although much evidence comes from studies of socioeconomic
status (SES) during adulthood, accumulating data suggest early-life SES
is also associated with age-related health problems. Independent of
adulthood SES, early-life SES confers increased risk for upper re-
spiratory infection, premature death, and morbidity and mortality from
cardiovascular disease and cancer (reviewed in Miller et al., 2011).
These findings suggest early-life and adulthood disadvantage increase

There is considerable interest in elucidating biological mechanisms
underlying socioeconomic disparities. Given the array of health pro-
blems associated with low SES, it is tempting to speculate a common
mechanistic pathway. Identifying one has been challenging, because
conditions that pattern by SES have diverse pathogenic features. One
possibility is that disadvantage affects a general biological process, like
cellular aging, and thus manifests in multiple tissues, interacting with
other liabilities to increase disease risk. However, studies of telomere
length, an established cellular aging metric, and life-course SES have
yielded inconsistent findings (Robertson et al., 2013). Mounting evi-
dence suggests Horvath's “epigenetic clock” is a more sensitive and
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prognostic indicator of cellular aging than telomere length, and in-
dependently predicts mortality (for detailed comparison, see Horvath,
2013; Marioni et al., 2016). Horvath’s clock aggregates DNA methyla-
tion (DNAm) at 353 age-associated CpG sites to quantify DNAm age.
Epigenetic age acceleration represents variance in DNAm age not ac-
counted for by chronological age. Positive values on this metric suggest
accelerated cellular aging - i.e., that an individual is biologically older
than expected — and have been associated with all-cause mortality,
some cancers, and morbidity and mortality from cardiometabolic dis-
ease (Horvath, 2013; Jones et al., 2015; Marioni et al., 2016; Perna
et al., 2016). One study of adults found that low SES across the life-
course was associated with epigenetic age acceleration (Fiorito et al.,
2017). While this was a large, multi-cohort study, it focused on older
adults, a sizeable minority of whom had a history of cancer or heart
disease. Here, we examined epigenetic age acceleration patterns in
younger adults who were free of chronic diseases.

We hypothesized that low early-life and current SES would be as-
sociated with positive epigenetic age acceleration. We focus on early-
life, based on evidence suggesting the immune system is particularly
sensitive to environmental stimulation during the first years of life
(Miller et al., 2011). Additionally, we considered how life-course SES
trajectories, of stability or mobility, might relate to epigenetic age ac-
celeration. We used a 2 X 2 design, which crossed level of disadvantage
(low vs. high) with stage of life-course (early-life vs. current) and
measured the epigenetic aging of participants’ monocytes. We also ex-
plored potential mediating pathways. These include lifestyle char-
acteristics — smoking, alcohol, abdominal adiposity, and inactivity —
which are linked to epigenetic age acceleration (Lam et al., 2012). and
depressive symptoms, a known correlate of immune dysregulation
(Haroon et al., 2012).

2. Methods

Between 2009 and 2012 we enrolled 360 healthy participants from
the Vancouver, British Columbia, Canada area. Recruitment and elig-
ibility criteria are extensively detailed elsewhere (Hostinar et al., 2017).
The University of British Columbia’s Research Ethics Board approved
this study. All adult participants provided written informed consent; for
those under 18, guardians provided consent.

2.1. Design

This 2 x 2 design only enrolled participants who met criteria for
one of four life-course SES trajectories: low early-life/low current, low
early-life/high current, high early-life/low current, and high early-life/
high current SES. SES was operationalized as occupational status, using
the extensively validated United Kingdom’s National Statistics
Socioeconomic Classification (NS-SEC) (Rose et al., 2005). Early-life
SES was defined as maximum parental occupational status from years O-
5. Current SES was defined as maximum household occupational status
within 5 years before study enrollment. In the NS-SEC, occupational
status is graded on an 8-point scale, which breaks down into three
broader categories (low, middle, high). To qualify as low-SES, partici-
pants needed an NS-SEC score of > 5, which corresponds to service and
manual occupations, e.g., cleaners and transportation operatives. To
qualify as high-SES, an NS-SEC score < 2, was required, which corre-
sponds to higher managerial and professional occupations, e.g., archi-
tects and physicians.

2.2. Measures

2.2.1. Epigenetic age acceleration

Most studies of epigenetic age acceleration focus on heterogeneous
pools of cells, creating uncertainty about which leukocyte sub-popula-
tion(s) are involved. To circumvent this problem we focused on
monocytes, a cell population sensitive to life-course SES and implicated
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in multiple age-related diseases (Miller et al., 2011). Following an
overnight fast, antecubital blood was collected into Cell Preparation
Tubes (BD Biosciences). Peripheral blood mononuclear cells (PBMC)
were isolated by density-gradient centrifugation. From the resulting
pellet, monocytes were isolated by immune-magnetic capture using
antibodies against CD14 (Miltenyi AutoMACS). Monocytes were lysed,
homogenized, and stored at —80 °C. Next, genomic DNA was isolated
using a column-based method and assessed for quality and quantity
using a NanoDrop. Approximately 750 ng of genomic DNA was used for
bisulfite treatment for sequence-based differentiation of methylated
cytosine nucleotides. Bisulfite converted DNA samples were rando-
mized and processed using the Illumina 450 K array. Horvath’s clock
was estimated with a publicly available R script. Epigenetic age accel-
eration was calculated by extracting residuals from a linear model
wherein DNAm age was regressed onto chronological age (Horvath,
2013).

2.2.2. Potential mediators

Past month depressive symptoms were assessed with the Center for
Epidemiologic studies Depression scale (CES-D) brief version
(Andresen, 1994). (Chronbach's alpha = 0.84). Participants reported
daily number of cigarettes smoked and weekly alcoholic drinks, coded
as none (0), < 10 (1), or > 10 (2). Physical activity was measured as
weekly minutes of brisk activity (Paffenbarger et al., 1993). Abdominal
adiposity was operationalized as continuous waist circumference. Par-
ticipants self-reported their age, sex, and race/ethnicity.

2.3. Data preparation

Variables were examined for outliers before analyses. Values ex-
ceeding four mean standard deviations were Winsorized with the value
at the 99.9th percentile (waist circumference: n = 3). Physical activity
was skewed and normalized with a square-root transformation.

2.4. Missing data

Of 360 participants, 25 (6.9%) were missing data for epigenetic
aging due to technical problems with venipuncture, sample processing,
or assay procedures. Between 0.3% and 4.5% of participants were
missing data for smoking: n = 15, alcohol use: n = 10, physical ac-
tivity: n = 10, waist circumference: n = 1, and depressive symptoms:
n = 8. Therefore, analytic Ns ranged from 320 to 335.

3. Results

Table 1 provides characteristics of the sample. Consistent with
previous studies, chronological age and DNAm age were strongly cor-
related (r(333) = 0.93, p = 1.1 x 10~ '*%). As expected, the derived
epigenetic age acceleration metric was uncorrelated with chronological
age, r(333) = 0.00, p = 0.996.

Next, we used ANOVAs to address whether life-course SES was as-
sociated with epigenetic age acceleration. Crude models contained
variables reflecting early-life SES, current SES, and their interaction;
adjusted ANCOVA models also included the covariates age, race, and
sex. Hypotheses about low SES were partially supported. We observed a
main effect of early-life SES in both unadjusted, F(1, 334) = 4.50,
p = .035, d = .24, and adjusted models F(1, 334) = 4.33, p = .038,
d = .23. Participants with low early-life SES showed more epigenetic
age acceleration compared to those with high early-life SES (Fig. 1).
The difference corresponded to an epigenetic age acceleration of 0.93
years. In contrast, there was no main effect of current SES in un-
adjusted, F(1, 333) = 0.10, p = .748, d = 0.03 or adjusted models, F(1,
333) = 0.07 p = 0.790, d = 0.03. There also was no significant inter-
action between early-life and current SES in either unadjusted, F(1,
333) =0.17, p 0.693, d 0.06, or adjusted models, F(1,
333) = 0.26, p = 0.61, d = 0.06.
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Table 1
Characteristics of the sample (N = 335).
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Life-course SES Trajectory

Main effect of early-life SES

Main effect of current SES

Low/Low Low/High High/Low High/High Estimate p Estimate p
n =96 n =85 n =67 n =87
Age (years)
15 - 24 (%) 19.8 2.4 19.4 18.4 F =6.45 .012 F = 3.59 .059
25 - 39 (%) 42.7 44.7 47.8 44.8
40 - 55 (%) 37.5 52.9 32.8 36.8
Female (%) 50 58.3 58.2 54 X% =0.17 .680 X% = 0.20 .654
White (%) 67.7 66.7 80.6 80.5 X* =734 .007 X? = 0.03 .863
High abdominal adiposity (%) 13.0 15.0 14.7 14.7 F = 0.40 .526 F = 0.29 .589
Heavy smoker (%) 17.7 2.5 16.9 3.5 F = 0.18 .668 F = 20.64 <.001
Heavy drinker (%) 10.9 11.1 18.5 16.1 F = 1.36 244 F =0.06 .802
Physical activity (min/week) 165.5 161.0 196.4 181.5 F = 230 131 F =0.28 .598
(204.3) (142.1) (180.4) (174.1)
Current Depressive Symptoms 9.2 7.0 9.6 6.6 F <0.01 977 F =19.50 <.001
5.7) (4.8) (6.24) (4.53)

Note: Participants were recruited to fit into 1 of 4 distinct life-course SES trajectories; low early-life /low current (Low/Low), low early-life /high current (Low/High),
high early-life /low current (High/Low), and high early-life /high current (High/High). Mean (SD) reported unless otherwise noted. F statistic and p-value reported
for 2-way ANOVA analyses examining the main effects of early SES and current SES and their interaction. Chi-square analysis was used in the case of binary IVs and
DVs. High risk abdominal adiposity is categorized as > 102 cm for men and > 88 cm for women based upon NIH risk classification for type 2 diabetes, hypertension,
and cardiovascular disease (https://www.nhlbi.nih.gov/health/educational/lose_wt/BMI/bmi_dis.htm). Heavy smoker was defined as smoking =10 cigarettes per
day. Heavy drinker was defined as consuming =10 drinks per week. Current depressive symptoms were assessed with the Center for Epidemiologic Studies

Depression Scale (CES-D).

Our sample included 7 participants under 18, and 50 participants
under 25 who may have not yet achieved their maximum adulthood
SES. These participants could have diluted any current SES effects. To
examine this, we re-conducted adjusted analyses excluding all 50 below
age 25. The results were unchanged: even in this older sample, no main
effect of current SES (F(1, 333) = 0.01, p = .917,d = 0.01) or early-life
x current SES interaction (F(1, 333) = 0.06, p = .803, d = 0.03) was
apparent.

Next, we examined lifestyle characteristics and depressive symp-
toms as potential mediating pathways between early-life SES and epi-
genetic age acceleration. These analyses were performed with the
PROCESS macro, which uses regression-based path-analysis to estimate
direct and indirect pathways (Hayes, 2013), and bootstrap methods to
obtain bias-corrected indirect effects. Models controlled for race, sex,
and age.

For all indirect pathways considered, the 95% confidence intervals
(CI) around the estimated coefficient included O, inconsistent with
mediation. This was observed in unadjusted and adjusted analyses for
smoking b = —0.001, CI (—0.031, 0.032), alcohol use b = 0.001, CI
(—-0.011, .030) physical activity b = -0.002, CI (—0.034, 0.007) waist

circumference b = 0.001, CI (—0.011, 0.030), and depressive symp-
toms b = —0.001, CI (—0.022, 0.012).

4. Discussion

We observed that low early-life SES, but not current SES, was as-
sociated with accelerated epigenetic aging of monocytes. Consistent
with previous research (Fiorito et al., 2017), we did not find that up-
ward socioeconomic mobility across the life-course substantially atte-
nuated this association. These findings contribute to a growing litera-
ture highlighting the association between early-life SES and lifelong
health. These patterns suggest the possibility that early-life experiences
get “embedded” in the monocyte epigenome in a durable manner.
However, the embedding scenario cannot be evaluated here with cer-
tainty, due to our focus on monocytes, which are non-dividing cells
with short life cycles (Miller et al., 2011). A next step is to investigate
whether these patterns are evident in long-living cells such as hema-
topoietic stem cells, and other monocyte lineage precursors.

The effect size for the association between low early-life SES and
epigenetic age acceleration was relatively small, amounting to 0.93

* Fig. 1. Epigenetic age acceleration, calculated by extracting re-
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years. Comparable studies suggest one year of accelerated epigenetic
aging corresponds to a 4.4% increased risk of all-cause mortality (Perna
et al., 2016).

We did not observe differences in epigenetic age acceleration by
current SES. Although this result may surprise readers, it converges
with a meta-analysis which found no cumulative evidence of an asso-
ciation between current SES and telomere length, and with findings
suggesting that PBMC DNAm was associated with childhood but not
adulthood SES (Lam et al.,, 2012). Nevertheless, it is possible that
characteristics of our sample, such as the wide age range, obscured
genuine differences.

Lastly, we examined mediators that might explain the link between
early-life SES and epigenetic age acceleration. There was no evidence
that lifestyle factors or depressive symptoms played such roles, sug-
gesting early-life SES influences cellular aging through other pathways.
However, we only assessed these processes later in life, and they may
have played mediating roles in earlier years. Prospective studies that
originate in childhood, and examine other plausible mediators, such as
environmental pathogen exposure and childhood maltreatment, might
be useful in linking specific childhood experiences to epigenetic age
acceleration (Braveman and Barclay, 2009; Miller et al., 2011).

Due to our cross-sectional design and retrospective assessment, we
cannot infer causal relationships. Future studies should expand on our
findings with more population representative samples and include ad-
ditional metrics of cellular aging, e.g., telomere length. Given our SES
group study design, we were unable to examine a continuous linear
approach. Future studies should examine this and potential differential
influences of maternal vs. paternal SES. Lastly future studies should
explore how SES interacts with other domains of social stratification
that confer overlapping life-course disadvantage. For instance, among
Whites, upward socioeconomic mobility is associated with better health
in adulthood. However, among racial/ethnic minority groups from
disadvantaged backgrounds, mobility forecasts worse health (Gaydosh
et al., 2017).

5. Conclusion

This study provides evidence that socioeconomic disadvantage in
early-life is associated with accelerated epigenetic aging of monocytes.
This suggests socioeconomic disadvantage in the first years of life may
have lasting implications for cellular aging, a potentially common pa-
thological mechanism underlying socioeconomic disparities across
aging-related diseases.
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