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DNA methylation mediates the link between 
adversity and depressive symptoms
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Mannan Luo    5,6,7, Janine Cerutti    1, Lisa Schneper8, Trey Smith    4, 
Charlotte A. M. Cecil    5,7, Janine F. Felix5,9, Colter Mitchell4, 
Daniel A. Notterman8, Kerry J. Ressler    2,10, Daniel J. Schaid11, 
Andrew J. Simpkin12, Matthew J. Suderman13, Esther Walton14, 
Andrew D. A. C. Smith15 & Erin C. Dunn    1,2,3,16 

Experiences of childhood adversity can double the risk for depression. 
Although the mechanisms underlying this relationship remain unclear, DNA 
methylation (DNAm) has emerged as a potential pathway to explain the link 
between adversity and depression. We thus investigated whether epigenome-
wide DNAm statistically mediates the association between childhood 
adversity and adolescent depressive symptoms. Specifically, we performed 
epigenome-wide mediation analyses to investigate the role of blood-based 
DNAm (age 7 years) in linking seven types of adversity (ages 0–7 years) to 
depressive symptoms (age 10.6 years). Primary analyses were conducted in 
the Avon Longitudinal Study of Parents and Children and replicated in the 
Future of Families and Child Wellbeing Study and Generation R Study. We 
identified 70 cytosine–guanine dinucleotides (CpGs) that mediated 10–73% 
of the correlation between adversity and depressive symptoms, with DNAm 
differences at 39 of these CpGs showing protective effects. Our findings 
suggest DNAm reflects a biological pathway linking childhood adversity to 
depression and a potential mechanism towards resilience.

Depression is a serious global health problem that is estimated to affect 
over 264 million people worldwide1. Decades of research have shown 
that exposure to childhood adversity is one of the strongest and most 
consistent contributors to risk for depression and other psychiatric 
disorders2. In recent meta-analyses and systematic reviews, nearly 
50% of people with depression report having experienced childhood 
maltreatment3, with childhood adversity explaining up to 40% of pre-
mature morbidity and mortality4. However, the biological pathways 
through which adversity influences disease risk are poorly understood.

One possibility is that childhood adversity shapes mental health 
risk through epigenetic changes, such as DNA methylation (DNAm). 
DNAm is an epigenetic process wherein methyl groups are added to 
DNA, generally at cytosine–guanine dinucleotides (CpG), and can influ-
ence gene expression without changing DNA sequences5. Systematic 
reviews from over 100 human and animal studies show that various 

types of childhood adversity are linked to DNAm changes, contributing 
as much as a 5–17% difference in DNAm levels at a given CpG between 
those exposed and those unexposed to adversity6,7. Recent work also 
suggests that there may be sensitive periods between three and five 
years of age8,9 when adversity has a stronger impact on DNAm.

DNAm patterns have also been linked, primarily in adults, to future 
risk for depressive disorders and symptoms10–13. Baseline DNAm profiles 
of individuals diagnosed with major depressive disorder (MDD) pre-
dicted their MDD status six years later, suggesting that DNAm may serve 
as a biomarker for treatment response or other symptom changes14. 
Even more intriguingly, recent experimental studies in humans have 
shown that psychiatric interventions might reverse DNAm signatures 
previously associated with internalizing psychopathology15–18.

Studies using statistical mediation analyses are poised to assess 
whether DNAm is a biological bridge linking adversity exposure to 
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the Structured Life Course Modeling Approach (SLCMA; Extended 
Data Fig. 2)28–31. For all adversities, exposure during very early child-
hood (ages 0–2 years) or early childhood (ages 3–5 years) explained 
the most variation in depressive symptoms at age 10.6 years (Table 1). 
These time periods were used as the exposure measures in subsequent 
mediation analyses.

Maternal psychopathology showed the strongest association with 
depressive symptoms (P = 0.02). Across all adversities except caregiver 
abuse, adversity exposure was linked to increased depressive symp-
toms, explaining up to 14.4% of the variation in depressive symptoms 
(37.9% correlation; Table 1). Counterintuitively, exposure to caregiver 
physical/emotional abuse was associated with lower depressive symp-
toms. However, this association was the weakest identified (P = 0.70) 
and had large confidence intervals overlapping with zero, probably 
reflecting a null relationship. Despite this finding, we examined all 
seven adversities, because (1) the link between childhood adversity 
and depressive symptoms is well established; (2) associations may be 
weaker compared to other epidemiological studies given our modest 
sample size; (3) the absence of a significant total effect does not reflect 
the absence of mediation, as mediated and non-mediated effects can 
have opposing signs that counteract one another, making it appear as 
though the total effect is null32,33.

Mediation was detected at 70 CpGs across the epigenome
Next, we assessed mediation though DNAm by fitting multiple mediator 
models for each adversity, our analytic set of 278,586 CpGs, and depres-
sive symptoms at age 10.6 years (Extended Data Fig. 2). Seventy CpG 
sites across all seven adversities showed evidence of being mediators, 
each explaining 10–73% of the observed correlation between exposure 
to adversity during the selected sensitive period and depressive symp-
toms. Of these 70 sites, three were selected in two different adversities 
(cg10953317, cg24059871 and cg22239534). Thirty-seven sites were sig-
nificant at the Monte Carlo assigned P < 0.05 level. See Supplementary 
Table 3 for the details on all 70 sites, including their effect estimates, 
associations with genetic variation (methylation quantitative trait loci; 
19 in total) and annotated gene.

Table 2 summarizes the number of mediation sites identified per 
adversity, as well as their estimated direct effect (that is, the effect 
of adversity on depression, independent of mediating effects), total 
indirect effect (that is, the portion of the total effect mediated by 
DNAm at each CpG) and total effect (sum of direct and total indirect 
effects). Because childhood adversity and depressive symptom data 

depression. As reported in a 2021 scoping review19 exploring DNAm 
as a mediator of the relationship between environmental exposures 
and chronic disease, only one study had investigated the relationship 
between negative childhood experiences and later depression20. That 
study focused on five candidate genes. To our knowledge, no studies 
have explored whether epigenome-wide DNAm patterns in peripheral 
tissues (such as blood) mediate the relationship between adversity and 
later depressive symptoms. We thus investigated the extent to which 
DNAm statistically mediates, or explains, the relationship between com-
mon types of childhood adversity and depressive symptoms in early 
adolescence.

Results
Analytic sample
We analyzed childhood adversity and depressive symptoms at age 
10.6 years using data from the Accessible Resource for Integrated Epi-
genomic Studies (ARIES), a subset of the Avon Longitudinal Study of 
Parents and Children (ALSPAC), with epigenome-wide DNAm meas-
ured at age 7 years21–23. Specifically, we focused on seven types of child-
hood adversity, measured four to six times from birth to age 7 years, 
previously associated with epigenetic marks6–9 and elevated risk for 
depression in youth24,25: (1) caregiver emotional or physical abuse; (2) 
sexual or physical abuse (by anyone); (3) maternal psychopathology; 
(4) one-adult household; (5) family instability; (6) financial hardship; 
(7) neighborhood disadvantage (Supplementary Table 1; N = 627–675).

Participants in the largest analytic sample (that is, those with 
complete data on caregiver physical/emotional abuse and DNAm) did 
not differ from the ARIES sample (Supplementary Table 2). The ARIES  
sample differed from the full ALSPAC cohort on all demographic vari-
ables except sex and depressive symptoms. Most differences were small, 
except for maternal smoking and maternal education, in which ARIES 
mothers smoked less and had higher education levels. Depressive symp-
tom scores averaged 3.70 (median, 3; range, 0–21) out of a possible score 
of 26. The prevalence of children with possible depression (score ≥ 8)26 
within our analytic sample was 12%, comparable to the estimated preva-
lence among US adolescents27. In our analytic samples, exposure to 
sexual/physical abuse had the lowest prevalence at 3.3%, and maternal 
psychopathology had the highest at 13.5% (Extended Data Fig. 1).

Sensitive period exposures predict depressive symptoms
We first investigated whether the timing of adversity influenced the rela-
tionship between childhood adversity and depressive symptoms using 

Table 1 | Results of the SLCMA

Adversity Sample size Timepoint selected Sensitive period Total effect P value CI

Caregiver physical or emotional abuse 675 8 months Very early childhood 
(0–3 years)

−0.81 0.70 (−1.97, 0.67)

Sexual or physical abuse (by anyone) 663 18 months Early childhood 
(3–5 years)

1.81 0.06 (−0.03, 3.15)

Maternal psychopathology 653 33 months Very early childhood 
(0–3 years)

1.12 0.02 (0.19, 1.85)

One-adult in the household 667 47 months Early childhood 
(3–5 years)

0.91 0.35 (−0.43, 1.97)

Family instability 656 57 months Early childhood 
(3–5 years)

1.21 0.37 (−0.47, 2.45)

Financial hardship 627 61 months Early childhood 
(3–5 years)

1.24 0.09 (−0.10, 2.25)

Neighborhood disadvantage 660 21 months Very early childhood 
(0–3 years)

1.04 0.11 (−0.13, 1.97)

Results from the SLCMA, which identified the theoretical life course model with the best explanatory power between each adversity and the depressive symptoms as measured by the Short 
Mood and Feelings Questionnaire (SMFQ) score at age 10.6 years. For all adversities, a sensitive period life course hypothesis was selected. The timepoint selected is shown here, along with 
its corresponding life course model, the effect estimate (total effect) for the sensitive period exposure on SMFQ score, P value and 95% confidence interval (CI). Post-selective inference was 
performed using a two-sided max-|t|-test.
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were standardized before mediation analyses, these effect estimates 
are interpreted as partitioning the correlation between exposure and 
outcome, after adjusting for confounders. For example, 17 mediators 
contributed 30% of the observed total effect (or correlation) between 
financial hardship and depressive symptom score. The remaining 70% 
was due to the non-mediated (direct) effects.

For some adversities (sexual/physical abuse, maternal psycho-
pathology, one-adult household and neighborhood disadvantage), 
the mediated effect was negative, and the direct effect was positive. 
In other words, DNAm reduced the total effect of childhood adversity 
on depressive symptoms, potentially indicating compensatory or 
protective mechanisms.

Mediating CpGs showed both risk and protective patterns
We identified four patterns among mediating CpGs, based on the 
signs of the coefficients relating adversity to DNAm (α) and DNAm to 
depressive symptoms (β) (Extended Data Fig. 3). The product of these 
coefficients (αβ) is the indirect effect of the mediating CpG, or the medi-
ated effect. These patterns were: positive–positive (positive α and β), 
negative–negative (negative α and β), positive–negative (positive α and 
negative β) and negative–positive (negative α and positive β) (Fig. 1).

Overall, 44% of mediating CpGs had a net positive mediated effect 
(19 positive–positive; 12 negative–negative; Fig. 2a,b), where chil-
dren exposed to adversity had changes in DNAm that correlated with 
increased depressive symptoms (that is, risk-increasing effects). By 
contrast, 56% of CpGs had a negative mediated effect (23 positive–
negative; 16 negative–positive; Fig. 2c,d), whereby children exposed 
to adversity instead had changes in DNAm that reduced the effect of 
adversity on depressive symptoms (that is, protective effects).

Of note, CpGs associated with physical/sexual abuse were over-
represented for protective effects (all six CpGs; P = 0.016) and those 
linked to maternal psychopathology showed slight enrichment (seven 
of nine CpGs; P = 0.09). No differences in risk versus protective propor-
tions were identified between adversities occurring during very early 
childhood or early childhood (P = 0.81; χ2 = 0.058; Fig. 1). These findings 
suggest some DNAm differences may suppress, rather than increase, 
future risk for depression.

Mediating CpGs were biologically relevant
We investigated the biological relevance of the 70 mediating CpGs 
through trait and gene ontology enrichment analyses in the EWAS 

Toolkit from the EWAS Atlas34. Mediating CpGs were enriched for 
sites previously associated with preterm birth (six CpGs, Bonferroni-
adjusted P < 6 × 10−5), severe acute malnutrition in adults (one CpG, 
Bonferroni-adjusted P < 0.006) and postnatal maternal depression (one 
CpG, Bonferroni-adjusted P < 0.003) (Supplementary Fig. 1). Mediating 
CpGs were also enriched for 20 biological processes (false discovery 
rate (FDR) < 0.05), including several related to immune function and 
negative epigenetic regulation of gene expression (Supplementary 
Fig. 2). Mediating loci were not enriched in promoters, enhancers or 
CpG islands (Supplementary Fig. 3). However, the overall number of 
mediators identified was lower than random chance in the TSS1500 
region, and positive–positive-patterned mediators were enriched in 
gene bodies (P < 0.05) (Supplementary Fig. 4). Brain–blood correla-
tions for mediating loci were generally positive (ravg = 0.26), with seven 
loci showing correlations >0.8 (Supplementary Fig. 5), suggesting 
concomitant DNAm differences could potentially co-occur in central 
tissues35. Mediating CpGs were no more likely to show changes in DNAm 
over time than by random chance, suggesting that the mediated effects 
were not due to age-dependent differences in DNAm36 (Supplementary 
Information and Supplementary Fig. 6). Finally, no genes overlapped 
with those previously identified in genome-wide association studies 
(GWAS) of major depressive disorder, as indexed by the GWAS cata-
log37, nor did they overlap with known GWAS signals in colocalization 
analyses (Supplementary Information).

As cell type is a major driver of DNAm, we investigated whether 
cell-type proportions mediated the relationship between adversity 
and depressive symptoms (Supplementary Information). We did not 
find any evidence of mediation through any of the six bioinformati-
cally predicted cell types across all adversities (lowest P = 0.44; mean 
mediated effect = 0.73%), suggesting mediated effects were specific 
to DNAm itself (Supplementary Fig. 7).

Ever-exposed models of adversity showed distinct mediation 
patterns
Given the novelty of the SLCMA to test different life course hypotheses 
relating adversity to depression, we compared the respective R2 values 
of our results to those obtained from a traditional approach comparing 
the presence versus absence of childhood adversity. In all instances 
except one, the sensitive period selected in the SLCMA explained more 
variability (that is, larger R2 values) in depressive symptoms than an 
ever-exposed hypothesis.

Mediation analyses using the ever-exposed model revealed a simi-
lar number of mediators (74 versus 70 CpGs; Supplementary Table 4). 
However, only six of these 74 CpGs overlapped with our primary results. 
This finding suggests that different ways of categorizing exposure (sen-
sitive period versus ever-exposed) are not biologically interchangeable. 
However, less emphasis should be placed on individual CpG overlap 
and more on the group of mediators, because our analytic approach 
selected mediators representing a set that may work together.

Protective effects of DNA methylation were replicated
We sought to replicate our primary findings in two independent 
cohorts: the Future of Families and Child Wellbeing Study (FFCWS; 
N = 1,319–1,677; saliva DNAm)38 and the Generation R Study (GenR; 
N = 312–392; blood DNAm)39. These cohorts differed from ALSPAC in 
multiple respects, including a generally higher prevalence of adversity 
(Extended Data Fig. 1), differences in depressive symptom measures, 
sensitive periods identified in the SLCMA (Supplementary Table 5) and 
sociodemographic characteristics such as race/ethnicity (details are 
provided in the Supplementary Information).

Given these differences between cohorts, we focused on repli-
cating the mediated effects of our primary set of 70 mediating CpGs, 
rather than recapitulating the primary analyses in additional datasets 
(Extended Data Fig. 4). Here, we present mediated effects corrected for 
the direction of the adversity–depression relationship, which allowed 

Table 2 | Mediators (CpGs) selected for each childhood 
adversity and their total standardized effect

Adversity Number of 
mediators 
selected

Std TEa Percent TE 
explained 
by 
mediation

Percent TE 
explained 
by direct 
effectb

Caregiver physical or 
emotional abuse

5 −0.049 −27 127

Sexual or physical abuse 6 0.100 −73 173

Maternal psychopathology 9 0.117 −22 122

One-adult in the household 10 0.062 −71 171

Family instability 8 0.068 10 90

Financial hardship 17 0.093 30 70

Neighborhood 
disadvantage

15 0.082 −13 113

aThe total effect (TE) of childhood adversity on depressive symptoms, standardized so the 
estimate can be interpreted as the correlation between childhood adversity and depressive 
symptoms. bDirect effect is the effect of childhood adversity on depressive symptom score 
unrelated to mediation, listed here in terms of the percent of the total effect. The results of 
the seven mediation analyses use the Schaid–Sinnwell method. When the non-mediated 
(direct) effect has a percentage greater than 100%, it means that the mediated effect has the 
opposite sign and the total effect (sum of mediated and direct effects) will add to 100%.

http://www.nature.com/natmentalhealth
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us to determine whether CpGs had risk-increasing or protective effects 
on depressive symptoms. Because P values may be unreliable within 
and across epigenome-wide studies9,40,41, we used the magnitude and 
direction of the indirect (mediated) effects as metrics for replication, 
focusing primarily on the risk-increasing or protective effects of DNAm 
on depressive symptoms.

Overall, we largely replicated the role of DNAm in the relation-
ship between adversity and depressive symptoms when combining 
the indirect effects of all CpGs for each adversity. There were differ-
ent magnitudes of mediated effect across cohorts, sometimes with 
stronger associations identified in the replication samples (Fig. 3). 
Regarding the direction of total mediated effect per adversity, the 
risk-increasing or protective effects of DNAm were consistent across 
studies for caregiver abuse (risk-increasing in ALSPAC, FFCWS and 
GenR), maternal psychopathology (protective in ALSPAC and GenR), 
one-adult households (protective in ALSPAC and FFCWS) and financial 
hardship (risk-increasing in ALSPAC and GenR).

Similar to ALSPAC, we identified both risk-increasing and protec-
tive effects of DNAm across every adversity (caregiver abuse, maternal 
psychopathology, family instability and financial hardship) in both 
FFCWS and GenR. In the 35 CpGs measured across all three cohorts, 
15 (43%) showed the same direction of indirect effects on depressive 
symptoms (risk-increasing or protective) in all studies, which was con-
siderably higher than random chance (P = 0.0022; Fig. 3). When fur-
ther parsing these loci into risk-increasing versus protective effects on 
depressive symptoms, protective CpGs were more strongly replicated 
(10 of 17 CpGs; P = 0.00063) than risk-increasing CpGs (6 of 18 CpGs; 
P = 0.14). See Supplementary Information for details of CpG-level repli-
cation in FFCWS (Supplementary Fig. 8 and Supplementary Tables 6 and 
7) and GenR (Supplementary Fig. 9 and Supplementary Tables 8 and 9).

Discussion
The main finding of this prospective longitudinal study is that child-
hood adversity can partially influence DNAm signatures in ways that 

shape depressive symptoms in adolescence. Overall, we identified 
70 CpG sites that mediated (or explained) between 10 and 73% of the 
correlation between adversity and depressive symptoms in ALSPAC. 
Interestingly, for most adversities—including sexual/physical abuse, 
maternal psychopathology, one-adult household and neighborhood 
disadvantage—mediating effects were primarily negative, suggesting 
that DNAm levels were protective against depressive symptoms. By 
contrast, for family instability and financial hardship, the mediating 
effect was positive, whereby DNAm levels at the identified CpG media-
tors worsened depressive symptoms.

There were diverse patterns of mediation among these 70 sites,  
suggesting that if mediation occurs through DNAm, it is not a direction-
ally uniform process. These findings corroborate what is already known: 
epigenetic adaptation is complex, and childhood adversity may be a 
plasticity factor shaping epigenetic changes8,42,43. Several identified 
CpGs are in or near genes related to brain and cortical development and 
have been associated with developmental delays and disabilities, such 
as RARB44, SLC4A845, DIO246, DPYSL347 and HDAC448. Of note, two of these 
genes, SLC4A8 and DIO2, were replicated in independent cohorts, both 
with protective effects of DNAm on depressive symptoms. Although 
these results suggest that DNAm may be on the causal pathway of adver-
sity to depressive symptoms, mechanistic studies in model systems and 
central tissues are necessary to delineate the specific biological path-
ways underlying these relationships. In this context, DNAm changes in 
peripheral tissues (blood, saliva, etc.) may instead reflect a measurable 
signature of the underlying biological alterations driving disease risk. 
Potential mechanisms include changes in more central tissues, such as 
the brain, or upstream biological processes, such as chromatin modifi-
cations and structural alterations to DNA organization49,50. Thus, these 
findings should be supplemented with functional experiments in both 
animal-based and human-derived model systems to disentangle the spe-
cific role of DNAm in the progression and resolution of mental illness.

Fundamentally, our findings suggest that childhood adversity is 
linked to both deleterious and protective changes in DNAm. From a 
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Fig. 1 | Summary of indirect (mediated) effects across adversities. Adversities 
are grouped based on the sensitive period when they had the greatest impact on 
depressive symptoms. Bars represent the CpGs selected as mediators for each 
adversity, with each box representing the indirect, or mediated, effect of that 
CpG. The total indirect effect for the collection of identified CpGs for each type 
of adversity is shown at the top of the graph, reflected in the difference between 
positive and negative mediated effects. Colors represent the net effect of the CpG 

on the adversity–depression relationship, where red reflects a risk-increasing 
effect and blue a protective effect on depressive symptoms. Note that the colors 
are flipped for caregiver abuse due to this adversity having a small negative 
relationship with depressive symptoms in our analytic sample. However, as 
our sample size was modest, this negative effect may instead reflect a null 
relationship between this adversity and depressive symptoms.
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clinical perspective, these DNAm patterns could potentially be used 
as biological indicators of risk or resilience to prevent new onsets of 
depression—or possibly even as metrics for treatments that reverse 
or minimize symptoms in people already suffering from depression. 
Recent intervention studies using psychotherapy suggest that DNAm 
may show concomitant responses to treatment, or act as markers of 
symptom resolution16–18. For example, an investigation into longitu-
dinal DNAm profiles of soldiers with post-traumatic stress disorder 
(PTSD) found that successful treatment of the disorder with psycho-
therapy was linked to DNAm changes in 12 differentially methylated 
regions15. Notably, changes in DNAm at gene ZFP57 were specifically 
linked to both the development and remission of PTSD15. Although 
DNAm may not be the direct causal mechanism in these relationships, 
our findings suggest that DNAm changes could potentially act as a 
peripheral biomarker for the efficacy of interventions at the molecu-
lar level. Should our findings be further replicated, these epigenetics 
signatures could also be leveraged as predictors of biological resilience 
and used in conjunction with other risk assessment tools to predict who 
may be more vulnerable to mental illness following childhood adver-
sity. To this end, recent evidence suggests DNAm risk scores (MRS) of 
early-life exposures or disease processes could be used as predictors 
of risk51–53. Although our results are not yet clinically actionable, they 
provide important new insights into the potential applications of 
DNAm in the prevention and treatment of mental illness.

We also partially replicated our results in two independent data-
sets, particularly around the protective role for DNAm in the relation-
ship between childhood adversity and depressive symptoms. This 

finding contrasts the majority of epigenetic studies, which traditionally 
attribute a risk-increasing role to DNAm in human health and disease49. 
Instead, our results highlight DNAm as a potential resiliency factor or 
compensatory mechanism against the deleterious effects of adver-
sity on psychopathology. Yet, these findings do not necessarily stand 
in opposition to current literature. Most epigenome-wide studies 
cannot disentangle risk-increasing and protective effects of DNAm 
on exposure–outcome relationships, as they lack the longitudinal 
study designs required to investigate mediation. Moreover, previous 
studies in human populations54 and animal models55 have identified 
a compensatory role for DNAm, though on a smaller scale than our 
study. For instance, increased DNAm in the glucocorticoid receptor 
gene (NR3C1) reduces the impact of maternal anxiety during preg-
nancy on child behavioral outcomes54. We also recently showed that 
adversity-associated DNAm differences can have both risk-increasing 
and protective effects on health outcomes56, further supporting a 
potential role for DNAm in resilience. However, not all mediated effects 
were consistent across cohorts and adversities, suggesting there is 
additional granularity and complexity to uncover in these relation-
ships. Additional epigenome-wide studies leveraging similarities and 
differences across contexts and populations are needed to triangulate 
the sociodemographic and biological factors that explain the negative 
and positive ways in which DNAm responds to life experience and influ-
ences future health outcomes57.

Our study had several strengths, which allowed us to detect novel 
roles for DNAm in the relationship between adversity and depression. 
First, we used prospective longitudinal data from a population-based 
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Fig. 2 | Direction of mediation patterns for individual CpG sites. a–d, The 
four mediating patterns: positive–positive (a), negative–negative (b), positive–
negative (c) and negative–positive (d). The directed acyclic graph on the left 
illustrates the relationships among the childhood adversity, CpG mediator 
and depressive symptoms. Red lines indicate a positive effect and black lines 
a negative effect. Blue and orange lines represent mean values for unexposed 
versus exposed groups, respectively. In each zoomed-in plot, where the blue and 
orange lines meet the x axis reflects the mean DNAm values for each exposure 
group. The difference between the blue and orange lines on the y axis represents 
the indirect (mediated) effect of the CpG. The indirect effect is positive when the 

orange is above the blue, and negative when the blue is above the orange. Beta 
values are plotted here, for more intuitive biological interpretation (that is, the 
proportion of cells with DNAm). In a, average DNAm levels at the CpG were higher 
in the exposed group, which correlated with higher SMFQ scores. In b, unexposed 
individuals had higher DNAm levels on average at the CpG, and that higher DNAm 
correlated with lower SMFQ. In c, exposed children showed higher average DNAm 
levels at the CpG, whereas the SMFQ score decreased as DNAm levels increased. 
In d, exposed children had lower DNAm levels, but higher DNAm levels correlated 
with higher SMFQ scores.
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sample with repeated measures spanning over a decade. This data 
structure allowed us to explore relationships between the timing and 
frequency of childhood adversity and subsequent depressive symp-
toms. The prospective and longitudinal study design also minimized 
the likelihood of reverse causation and recall bias, two limitations often 
cited against social epigenetic studies and mediation analyses58. Fur-
thermore, we used a novel mediation analysis technique that allowed 
all potential CpG mediators (n = 278,586) to have equal consideration 
for inclusion in the mediation model. As CpGs surviving the dimension-
reduction process were included within the same model, our estimated 
mediated effects are more accurate than if the mediators had been 
considered separately59. Finally, we triangulated our findings in two 
separate studies57, which measured slightly different dimensions of 
childhood adversity, DNAm and depressive symptoms. Triangulation 
allowed us to make stronger inferences about our main findings and 
identify cross-cutting features of the adversity–DNAm–depression 
relationship.

Our study also had limitations. As described in the Supplemen-
tary Information, our mediation model worked iteratively and used 
a penalty term to select the optimal number of model parameters. 
A large penalty term selects no mediators, whereas reducing the 
penalty term increases the number of mediators selected. Because of 
our sample size, we opted to balance false-positive and false-negative 
results by choosing a modest penalty term for all seven adversities. 

Ideally, the sample size would be much larger to accommodate a 
more stringent penalty term that simultaneously allows for greater 
mediation signal detection. Second, differences in the prevalence 
of adversity, measurements of adversity, DNAm and depressive 
symptoms, and the overall composition of our three cohorts may 
have influenced the sensitive periods identified in the SLCMA across 
cohorts and limited the reproducibility of our mediation results. 
Despite these differences, we reproduced cross-cutting features 
of DNAm as a mediator of the relationship between adversity and 
depressive symptoms, which may be more robust than those identi-
fied in identical cohorts. Third, we could not combine data across 
cohorts or meta-analyze epigenome-wide findings from all three 
cohorts due to data access and methodological considerations. 
Although future studies combining data across cohorts may identify 
CpGs with stronger and more consistent mediating effects, our dis-
covery and replication approach yielded valuable insights into the 
role of DNAm in the relationship between adversity and depression. 
Fourth, our discovery data from ALSPAC came from a racially homo-
geneous group (97% European ancestry). Racially diverse groups are 
needed to increase the generalizability of future research. Finally, 
DNAm from peripheral tissues, like blood and saliva, is an imperfect 
proxy for DNAm levels in the brain, which limits the interpretability 
of our results in the context of brain-based disorders. Future stud-
ies should examine whether the DNAm changes we observed in this 
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Fig. 3 | Summary of the replication results for mediated effects. Colors 
represent the effect of the CpG on the adversity–depression relationship, 
where red and blue reflect risk-increasing or protective effects on depressive 
symptoms, respectively. Only a subset of adversities were available in the FFCWS 
and GenR study. a, Summary of mediated effects across adversities and cohorts, 
with each box representing a specific CpG and its indirect (mediated) effect. The 
total indirect, or mediated, effect across all CpGs is corrected for the direction of 
the adversity–depression relationship to reflect either risk-increasing (positive) 

or protective (negative) effects of DNAm. In instances with >100% indirect effect, 
other mediating factors captured in the direct effect may act as strongly in the 
opposite direction to reduce the total effect (40). b, Direction of the mediated 
effect for each CpG measured in the replication cohorts. CpGs with an absolute 
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study also occur in the central nervous system to help determine 
their role in brain-based disorders.

Conclusions
Together, our results suggest that DNAm levels may partially explain the 
relationship between exposure to childhood adversity and depressive 
symptoms in early adolescence. We also highlight a novel paradigm for 
epigenetic studies investigating the consequences of early-life stress-
ors on human health and behavior, whereby DNAm may act both as a  
risk-increasing and protective mechanism in this relationship. Ulti-
mately, these findings will extend our understanding of the complex 
biological mechanisms driving depression and aid in the identification 
of better treatments for mood disorders.

Data availability
All data are available by request from the ALSPAC Executive Committee 
for researchers who meet the criteria for access to confidential data 
(bristol.ac.uk/alspac/researchers/access). The FFCWS data analyzed 
in the current study are available with permission from the Future of 
Families and Childhood Wellbeing Study repository (ffcws.princeton.
edu/documentation). Generation R Study data are not publicly avail-
able due to privacy or ethical restrictions. The study has an open policy 
in regard to collaboration with other research groups. Requests for 
collaboration should primarily be addressed to V. Jaddoe (ln.cmsum-
sare@eoddaj.v). These requests are discussed in the Generation R Study 
Management Team regarding their study aims, overlap with ongoing 
studies, logistic consequences and financial contributions.

Code availability
The scripts used to complete the primary analyses in this manuscript 
are available on GitHub (github.com/thedunnlab/mediation).

Materials and methods
Sample and measures
The data were taken from ALSPAC, a 30-year ongoing study that 
recruited pregnant women in Avon, England with expected deliv-
ery dates between April 1991 and December 199221,22. We analyzed 
data from ARIES, a subset of 1,018 mother–child pairs in ALSPAC 
who had complete phenotype data from at least five waves of  
data collection23.

Depressive symptoms. Depressive symptoms were assessed at a mean 
age of 10.6 years using total scores from the child-completed SMFQ, 
a well-established measure of depressive symptoms in youth60,61. We 
used total SMFQ scores as our measure of depressive symptoms—rather 
than a binary indicator for probable depression—because continuous 
scores enable detection of more subtle variability, leading to greater 
precision and improved statistical power. We selected the age 10.6 years 
timepoint because it was the first self-reported measure of depressive 
symptoms collected after the DNAm assessment. See Supplementary 
Information for details and the full rationale for this measure.

DNA methylation. As described elsewhere23, genome-wide DNAm 
was measured from blood at 485,577 CpGs using the Infinium Human 
Methylation 450K BeadChip microarray (Illumina) when the children 
were 7 years old. To reduce the dimensionality of our analyses, we 
performed pruning and sure independence screening, a dimension 
reduction method that selects CpGs with the highest marginal cor-
relations with both the exposure (adversity) and outcome (depressive 
symptoms), resulting in an analytic set of 278,586 CpGs (Supplemen-
tary Information).

Covariates. We controlled for the following sociodemographic char-
acteristics previously linked to adversity, depression and differences in 
DNAm62–64: child sex, birthweight, race and/or ethnicity, maternal age 

at birth, maternal education at birth, number of previous pregnancies 
and maternal smoking during pregnancy (Supplementary Information 
and Supplementary Table 2).

Data analysis
We analyzed each type of adversity separately in the three phases as 
described below and outlined in Extended Data Fig. 2. Our analytic sam-
ples included singleton-birth children with complete data on adversity, 
depressive symptoms, DNAm and all covariates (N = 627–675; Table 1).

Identifying the best explanatory life course exposure. As previous 
studies reported developmental timing differences in the associa-
tion of adversity with DNAm7–9, we used the SLCMA28–31 to identify the 
life course hypothesis65,66 for each adversity that explained the most 
variation in depressive symptoms at age 10.6 years. We considered 
five life course hypotheses: (1) a very early childhood sensitive period, 
in which adversity had a greater impact on adolescent depressive 
symptoms during the period 0–2 years of age; (2) an early childhood 
sensitive period, 3–5 years of age; (3) a middle childhood sensitive 
period, 6–7 years of age; (4) accumulation of risk, in which the impact 
of adversity increased with repeated exposures, regardless of tim-
ing; and (5) recency, in which adversity had a greater impact for more 
proximally occurring (rather than distally occurring) exposures. The 
single best-fitting life course model identified by the SLCMA for each 
adversity was used in subsequent mediation analyses. Details are pro-
vided in the Supplementary Information.

Assessing mediation through epigenome-wide DNAm. We fit 
multiple mediator models using the sparse group lasso penalized 
model, a structural equation model (SEM) approach developed by 
Schaid and Sinnwell (dubbed the ‘Schaid–Sinnwell model’)67. SEMs 
are optimal for situations with multiple mediators, because they 
simultaneously model the relationship among variables, account for 
correlation between mediators, and estimate the direct effect and  
indirect effect59,68,69.

The Schaid–Sinnwell model is ideally suited to epigenome-wide 
mediation analyses as it groups the effect estimates for each media-
tor (that is, both exposure–mediator and mediator–outcome asso-
ciations), rather than considering them separately. It also encourages 
sparseness (parsimony) of the parameters by using a penalty (shrink-
age) parameter67. Also advantageously, it selects mediators based 
on the Bayesian information criterion (BIC), an approach that avoids 
model over-fitting70. Although the BIC is a model selection criterion 
not reliant on P values, we also report P values calculated using Monte 
Carlo approximations for comparability. Details on the implementation 
of the Schaid–Sinnwell model and parameter estimation are provided 
in the Supplementary Information.

Replication in independent cohorts. We sought to replicate our find-
ings in two independent birth cohorts: (1) the FFCWS (n = 1,319–1,677)38 
and (2) GenR (n = 312–392)39. We performed CpG-specific mediation 
analyses using the mediation package in R for each adversity, matched 
to the timing and type of adversity measured in ALSPAC. We used this 
approach for two reasons: (1) we previously showed that the timing of 
exposures can influence different sets of CpGs64, and (2) we attempted 
to limit the influence of cohort-levels differences to improve our ability 
to replicate our primary results. In FFCWS, we analyzed a subset of CpGs 
associated with five types of childhood adversity (caregiver abuse, 
maternal psychopathology, one-adult households, family instability 
and financial hardship), DNAm from saliva at age 9 years, and depres-
sive symptoms at age 15 years. In GenR, we analyzed CpGs associated 
with four types of childhood adversity (caregiver abuse, maternal 
psychopathology, family instability and financial hardship), DNAm 
from blood at age 9 years and depressive symptoms at age 13–14 years. 
Details are provided in the Supplementary Information.
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Reporting summary
Further information on research design is available in the Nature Port-
folio Reporting Summary linked to this Article.
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Extended Data Fig. 1 | Prevalence of exposures within each childhood 
adversity’s analytic sample and across cohorts. Prevalence of adversity 
exposure within each analytic sample for the ALSPAC cohort ranged from 3.3% 
in sexual/physical abuse (by anyone) to 13.5% in maternal psychopathology. 

These numbers varied in the FFCWS and GenR cohorts, with higher prevalence 
observed in FFCWS across all adversities and slightly higher prevalence in GenR. 
The timepoints shown are those selected from the SLCMA in ALSPAC and the best 
matched timepoint in the replication cohorts.
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Extended Data Fig. 2 | Flowchart of analysis steps for each adversity-outcome 
relationship. SLCMA, structured life course modeling approach; DNAm, DNA 
methylation; SMFQ, Short Mood and Feelings Questionnaire; CpG, cytosines 
preceding a guanine nucleotide; BIC, Bayesian information criterion; CI, 

confidence interval. A. depicts the steps of the mediation analysis performed  
7 times, once for each of the 7 adversities we studied (N = 627-675). B. highlights 
the steps taken to reduce the mediators under consideration to a viable number 
for each of the 7 adversities.
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Extended Data Fig. 3 | Single and multiple mediator structures. CpG = DNA 
region where a cytosine nucleotide is followed by a guanine nucleotide; αi = 
effect estimate of childhood adversity on CpGi; βi = effect estimate of CpGi DNA 
methylation on depressive symptoms; Directed acyclic graph (DAG) depicting 
the relationships between the study variables. A. Shows a general exposure-

mediator-outcome relationship with a single mediator. B. Shows an exposure-
mediator-outcome relationship within the context of our study. C. Shows a 
simplified version of our multiple mediator analysis where q represents the 
total number of mediators considered in the analysis after sure independence 
screening.
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Extended Data Fig. 4 | Summary of variables across ALSPAC, FFCWS, and 
GenR cohorts. Primary analyses in ALSPAC focused on exposures to adversity 
during sensitive periods (dark blue), DNA methylation (DNAm) at age 7, and 
depressive symptoms at age 10.6. Replication analyses in the FFCWS cohort 
focused on exposures to five adversities directly comparable to those in ALSPAC; 
comparability was based on both the type of adversity measure examined 

and sensitive period explored. DNAm was measured from saliva at age 9 and 
depressive symptoms were indexed at age 15. Replication analyses in the GenR 
cohort focused on exposures to four adversities directly comparable to those in 
ALSPAC, both in terms of adversity measurement and sensitive period explored. 
DNAm was measured in blood at age 10 and depression was assessed at age 13-14.
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