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A B S T R A C T   

Exposure to early adversity is one of the most important and pervasive risk factors for the development of nearly 
all major mental disorders across the lifespan. In the search for the mediating mechanisms and processes that 
underlie long-term stability of these effects, changes to stress-associated hormonal and cellular signalling have 
emerged as prime candidates. This review summarises evidence showing that experience of early adversity in the 
form of childhood abuse or neglect and exposure to severe institutional deprivation influences multiple inter
connected bio-behavioural, physiological and cellular processes. This paper focusses on dysregulations of hor
monal stress regulation, altered DNA methylation pattern, changes to transcriptomic profiles in the context of 
stress-immune interplay, and mitochondrial biology. Consistent findings that have emerged include a relative 
cortisol hypoactivity and hyporeactivity in response to challenge, increased activity of pro-inflammatory genes, 
and altered mitochondrial function. The majority of investigations have focussed on single outcomes, but there is 
a clear rationale of conceiving the implicated physiological processes as interconnected parts of a wider stress- 
associated regulatory network, which in turn is connected to behaviour and mental disorders. This calls for 
integrated and longitudinal investigations to come to a more comprehensive understanding of the role of stress in 
the biological embedding of experience. The review concludes with considerations of how stress research can 
contribute to translational efforts through characterising subtypes of mental disorders which arise as a function 
of early adversity, and have distinct features of behavioral and biological stress processing.   

1. Introduction 

How and why does the social become biological? This question, 
which featured as one of the top ten social science questions in 2010 
(Giles, 2011), has also been framed by asking how “stress gets under the 
skin” (McEwen, 2012), or how “experience are biologically embedded” 
(Hertzman, 2012b). These questions are of relevance not only for our 
fundamental understanding of how living beings adapt to ever changing 
environments, both in the short and long run, but also have important 
social and clinical implications. It is now firmly established that expo
sure to adverse environments particularly early in life compromise 
well-being and pose long-term risk for many mental and physical dis
orders. The field of psychobiological stress research, or more specifically 
Psychoneuroendocrinology (PNE) and its sister 

Psychoneuroimmunology (PNI) are exquisitely well-positioned to 
contribute answers to these important questions. First, PNE/PNI are 
firmly situated in a bio-psycho-social theoretical framework, which 
provides for a model to explain the multifactorial aetiology of mental 
and other complex disorders. It emphasizes the role of biological factors 
by taking into account genetic risk factors and neurophysiological pro
cesses, but at the same recognises the importance of the psychosocial 
environment, both in relation to risk and resilience. Importantly, it has 
“stress” at its center (“diathesis-stress-model”), as a key precipitating 
factor for mental disorders. Second, PNE/PNI are concerned with 
describing cross-talk between the psychosocial and the physiological. 
Essentially, our field provides theory and methods to describe the 
mechanisms of signalling from brain to periphery and back to achieve 
psychophysiological adaptations needed in light of increased demands - 
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or stress. These signals not only set in motion ultra-short and short-term 
changes, they are also capable of inducing long-term adaptations in a 
sense of “programming” physiology and behaviour to cope with antici
pated environmental demands, forecasted through characteristics of 
early environmental and psychosocial exposures. In the past years 
knowledge has advanced regarding the way stress signals are transduced 
and how they influence physiology down to the level of the cell - 
including gene regulatory mechanisms and mitochondrial biology - and 
importantly, how theses signals might retain their stability. Different 
bio-behavioural systems have emerged as targets of the effects of the 
(early) environment, including stress physiology, social affiliation sys
tems, prefrontal and limbic brain structure and function, the micro
biome, gene regulation and mitochondrial biology, to name a few. These 
have been studied on individual level of analysis, and more recently, 
using more systems-oriented networks approaches, which take into ac
count within and cross-level interaction; in the best case, investigators 
adopt longitudinal life-span approaches. 

This review takes a non-exhaustive approach with a focus on the 
author’s own contributions to the field, summarising work on long-term 
consequences of early adversity (including institutional deprivation) on 
stress regulation and stress-associated cellular adaptions. 

2. The effects of early adversity and severe deprivation on HPA 
axis regulation 

The hypothalamic–pituitary–adrenal (HPA) axis represent a partic
ularly well-studied target for the effects of adverse childhood experi
ences. Both retrospective and longitudinal prospective studies have 
shown dsyregulations of the HPA axis, investigating diurnal cortisol 
secretion or cortisol patterns following awakening, and especially 
following exposure to acute psychosocial stress exposure, using experi
mental protocols like the Trier Social Stress Test (TSST). Whereas the 
first study linking adverse childhood experience (ACE) to differences in 
stress regulation found markedly increased ACTH and cortisol responses 
to psychosocial laboratory stress (most pronounced in women suffering 
from current depression (Heim et al., 2000), the majority of studies re
ports a relative cortisol hyporeactivity (Carpenter et al., 2007; Elzinga 
et al., 2008; Power et al., 2012; Schwaiger et al., 2016). This is 
corroborated by a meta-analysis including 30 studies, with results 
favouring relative cortisol hyporeactivity following acute stress expo
sure (Bunea et al., 2017). It has been suggested that when chronic stress 
first begins, there is an initial HPA hyperactivity, which diminishes as 
time passes. Exaggerated counter-regulation eventually results in below 
normal levels (Trickett et al., 2010). This is supported by a meta-analysis 
showing that cortisol outputs decreases as a function of time elapsed 
since stress exposure (Miller et al., 2007). A relative hypoactivity on the 
level of cortisol output can reflect changes in adrenal sensitivity in a 
concomitant state of CRH hyperactivity. This type of dysregulation can 
have substantial detrimental downstream effects, as negative counter
regulatory activity of cortisol is missing (“when not enough is too 
much”). This is especially relevant in the context of low-grade or sys
tematic inflammation (Raison and Miller, 2003), one of the most repli
cated correlates of exposure to ACE in humans (see below). 

Notwithstanding robust associations between early-life stress and 
HPA dysregulations, investigation of the long-term effects of early 
adversity often have the limitation of relying on retrospective reports of 
environmental events, which might be confounded by individual dif
ferences in personality and possible recall bias. Furthermore, hetero
geneity in exposure type, timing and severity and confounding between 
initial early and continuing adversity, can make interpretation difficult. 
Naturally, it remains challenging to validate these results experimen
tally in humans given constraints on exposing participants to adverse 
experiences. 

One way to address these problems is to make use of “natural ex
periments”. We and others have studied the long-term developmental 
sequelae of children reared in institutions who were then placed in 

supportive families. One such investigation is the English and Romanian 
Adoptees (ERA) study, a prospective longitudinal study investigating 
children adopted from Romanian institutions of the Ceauşescu regime 
into the UK in the early 1990 s. Adopted children had spent varying 
periods of their first few years (0–42 months) in institutions that pro
vided conditions of extreme pervasive deprivation. Studies like the ERA 
study allows the examination of the effects of precisely timed, and 
radical change from a profoundly depriving environment to a supportive 
one in the adoptive families (Rutter et al., 2012). Importantly, almost all 
of the children had been admitted to the institutions in very early in
fancy (or at birth), so that there was not a confound that would occur if 
children were admitted to the institution because of their own psycho
logical problems. 

Following removal from institutional care, children showed 
remarkable recovery in both physical and psychological development. 
Nevertheless, impairments persisted in a substantial minority of chil
dren, especially in those who experienced extended deprivation lasting 6 
months or longer. Deprivation-specific problems appeared early and 
affected social and cognitive functioning, with symptoms of autism 
spectrum disorder (ASD), disinhibited social engagement (DSE), inat
tention/overactivity (I/O; essentially ADHD), and cognitive impairment 
(Kennedy et al., 2017; Kennedy et al., 2016; Kumsta et al., 2015; Kumsta 
et al., 2010b). 

Whereas risk of emotional problems was low in childhood and early 
adolescence, Romanian adoptees who experienced extended deprivation 
displayed a striking rise in emotional problems between adolescence 
and young adulthood, with elevated risk for both depression and general 
anxiety-related symptomatology in young adulthood (Sonuga-Barke 
et al., 2017). Testing a developmental cascade model, we found that a 
latent neurodevelopmental factor (including age 6 deprivation-specific 
problems) predicted adult depression and anxiety through the effects 
of early neurodevelopmental problems on later social and vocational 
functioning, such as difficulties in late adolescent/ early adult rela
tionship functioning, and problems in the world of work. In contrast, we 
did not find evidence that perceived stress reactivity, i.e. a self-reported 
stress reactivity in young adulthood, mediated the effects of institutional 
deprivation on late-appearing emotional problems (Golm et al., 2020). 
However, due to the unavailability of multiple measures of psycholog
ical and physiological stress processing across development, we cannot 
rule out that early deprivation induced a latent vulnerability to later 
stress, contributing to depression and/or anxiety problems only in face 
of increasing social or other demands in late adolescence (McCrory 
et al., 2017). Despite these limitations, we do provide evidence of 
long-term alterations to HPA-axis functioning. In the ERA study, cortisol 
measures were assessed for the first time during young adulthood, about 
20 years after adoption, at the age of 22–24 years of age. Both the 
cortisol awakening response (CAR), an important HPA axis marker, 
which combines features of a reactivity index with aspects tied to 
circadian regulation (Stalder et al., 2016), and the diurnal cortisol slope 
were assessed. In contrast to the UK comparison group of non-deprived 
adoptees, who displayed a typical pattern of cortisol increase after 
awakening, the CAR was strikingly absent in the group of Romanian 
adoptees with extended deprivation experience, with no apparent in
crease in cortisol over the first 45 min after awakening. The group of 
Romanian adoptees with less than 6 months of deprivation experience 
showed an attenuated CAR. In contrast to morning cortisol levels, we did 
not observe differences in the diurnal cortisol trajectories measured at 
multiple time points throughout the day. However, group differences in 
cortisol secretion extended beyond the CAR, with the late adopted group 
showing a less pronounced decline in cortisol levels between 45 and 1 h 
and 15 min after awakening (Kumsta et al., 2017). 

Results of behavioral and clinical pattern observed in the ERA study 
are consistent with those of other investigations of formerly deprived 
children and adolescents. Significant delays in motor, cognitive, socio- 
emotional and language development were observed, including those 
in the neurodevelopment domain (van IJzendoorn et al., 2011), which 
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we termed deprivation-specific (Kumsta et al., 2010a). A high degree of 
consistency can also be observed with regard to findings on HPA axis 
regulations, as there is a fairly uniform observation of a pattern of 
relative hypocortisolism in institutionalized and postinstitutionalized 
children at much younger ages. For instance, it was observed that chil
dren adopted after about 1.5 years of age showed a blunted cortisol 
awakening response, while those adopted earlier showed a response 
similar to children growing up in homes (Leneman et al., 2018). 
Furthermore, it was shown that late removal from institutions (between 
18 and 24 months) is associated with hyporeactivity in response to stress 
(Koss et al., 2016). This was also shown in the Bucharest Intervention 
Project, which compares care-as-usual in post-communist Romanian 
institutions (with much better provision of care and not comparable to 
Ceausescu era circumstances) to randomly assigned placement into 
foster families. Here, children placed by age 2 years had similar stress 
reactivity to non-insitutionalized children, whereas children who were 
placed later and those in the care-as-usual group showed a markedly 
blunted cortisol stress response (McLaughlin et al., 2015). 

We also addressed the question whether exposure to severe depri
vation might be associated with alterations in brain volume and struc
ture in young adulthood. Both animal and human studies suggest that 
brain regions with close links to HPA regulations, such as amygdala, 
hippocampus, and prefrontal cortex are particularly vulnerable to the 
effects of early life stress. Romanian adoptees had substantially smaller 
total brain volumes than non-deprived adoptees, with a dose-response 
relationship between deprivation duration and volume loss, but 
suprisingly, no deprivation-related effects were observed in limbic re
gions, including hypothalamus and amygdala (Mackes et al., 2020). 

In summary, we and others provide evidence that not only abuse or 
neglect experienced in family context (often reported retrospectively) is 
associated with long-term HPA axis dysregulation, but also that psy
chosocial deprivation in early childhood leads to persistent changes in 
cortisol activity and reactivity. Studies of post-institutionalised samples 
are important, as they provide the opportunity to study specific timing of 
adversity (usually followed by supportive environments), and the effects 
of its duration, allowing to address the question of possible sensitive 
time periods and to establish the impact of dose of deprivation. Overall, 
results show that the HPA axis is a target for the effects of early adver
sity, and it is likely HPA axis dysregulations contribute to increased 
vulnerability to mental health problems. The question of plasticity or 
reversibility is most likely not only a matter of timing, but also of 
severity of deprivation. In the ERA study, the children experienced 
particularly harsh and global deprivation, and for almost all investigated 
phenotypes, including HPA axis regulation, we observed a 6-month cut- 
off after which the risk of long-term and stable deficits increased 
dramatically, and intervention (here, adoption) did not reverse out
comes for the majority of children. In case of less severe deprivation, or 
institutional care more generally, the period of plasticity seems to 
extend to around the middle or end of the 2nd year of life. 

An important question relates to the mechanistic meaning of aber
rant cortisol pattern in the sequelae from deprivation to behavioural and 
clinical outcomes. In the ERA study, we did not observe a mediating 
effect of atypical CAR in the association between institutional depriva
tion and change in emotional problems from adolescence to young 
adulthood (Kumsta et al., 2017), similarly to perceived stress reactivity 
(Golm et al., 2020). However, it appears that the association between 
blunted cortisol patterns and mental health outcomes is more common 
to problems in the externalizing domain, with increased cortisol pro
duction being associated with internalizing problems. For instance, 
hypocortisolism mediated the association between deprivation and 
attention and externalizing problems in formerly institutionalised chil
dren (Koss et al., 2016), and Pitula et al. (2019) reported that hypo
cortisolism and ADHD symptoms mediated the association between 
adversity and peer difficulties in kindergarten children. It remains to be 
seen whether and to what degree atypical patterns of cortisol regulation 
will contribute to mental and physical health problems across the 

adoptees’ life-span as psychosocial risk exposures accumulate. 

3. Epigenetics 

Since the publication of the seminal work by Meaney and colleagues 
showing that fundamental gene regulatory processes are sensitive to 
variation in the early psychosocial environment (Weaver et al., 2004), 
epigenetic mechanism have emerged as prime candidates for explaining 
how psychosocial or, more broadly, socio-environmental and physical 
influences might be biologically embedded. 

Variations in the levels of maternal care were shown to program the 
stress response of rats, through epigenetic modifications of the gluco
corticoid receptor gene. Although the observed programming effects 
were not limited to regulation of the stress response, and extended to 
fear-related behaviour and attentional processes under stressful condi
tions, synaptogenesis and cognitive development, female reproductive 
behavior and maternal care itself (Zhang and Meaney, 2010), involving 
a number of other genes, replication and translational efforts focussed 
on the GR gene (NR3C1) and other HPA axis related genes. Research 
using rodent models has shown that the extent of maternal care deter
mined DNA methylation patterns in the regulatory regions of HPA axis 
genes, including Crf (Chen et al., 2012), Avp (Murgatroyd et al., 2009), 
and Nr3c1 (Weaver et al., 2004). Low maternal care and the respective 
epigenetic changes were associated with HPA axis hypersensitivity and 
impaired negative HPA axis feedback sensitivity. 

Human studies have investigated post-mortem brain tissue, 
providing evidence for somewhat comparable epigenetic alterations of 
the NR3C1 promoter region in individuals exposed to adversity early in 
life (Labonte et al., 2012; McGowan et al., 2009), and further research 
has shown associations between early adversity and altered DNA 
methylation in non-neuronal cells of NR3C1 and other genes involved in 
HPA axis regulation (Klengel et al., 2013; Non et al., 2016). 

With regard to NR3C1, in studies of children and adults reporting 
childhood adversity (Argentieri et al., 2017; Parade et al., 2021), the 
majority noted positive associations of NR3C1 DNA methylation with 
early adversity. However, magnitude of reported differences is rather 
small, also for other genes, and the biological significance of minor 
differences in DNA methylation levels has been questioned (Vinkers 
et al., 2015). 

Given that the effects of the early environment on epigenetic modi
fications are unlikely to be limited to genes involved in direct HPA axis 
control, unbiased approaches using epigenome-wide screens have been 
performed. A well-powered study, embedded in the longitudinal E-RISK 
study (N > 1.600 for subsample with DNA methylation levels), reported 
no evidence for an association between exposure to childhood or 
adolescence victimisation and altered DNA methylation levels. In 
addition to the epigenome-wide association study (EWAS) across about 
450.000 CpG sites, the authors further tested differential DNA methyl
ation in specific candidate genes involved in HPA axis regulation 
(NR3C1, FKBP5, BDNF, AVP, CRHR1, SLC6A4), and also found no evi
dence for differential DNA methylation (Marzi et al., 2018). In the ERA 
study, with much more limited sample size, we identified a 
deprivation-associated differentially methylation region consisting of 9 
CpGs in the promoter regulatory region of the cytochrome P450 2E1 
gene (CYP2E1), but not in genes directly associated with HPA axis 
function (Kumsta et al., 2016). 

In one notable example, investigators not only investigated the direct 
link between early adversity and DNA methylation differences, but 
tested for the mediating role of differential DNA methylation in the as
sociation between early adversity and cortisol stress reactivity. Hou
tepen et al. (2016) found an association between whole blood DNA 
methylation of one CpG at the Kit ligand gene (KITLG) locus which was 
associated with the cortisol stress response to the TSST, and could 
replicate the finding in two independent samples (one using whole 
blood, one buccal cells). KITLG DNA methylation mediated to a 
considerable extent the link between early adversity and the cortisol 
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reactivity, although this was only observed in the discovery sample. 
KITLG codes for a ligand of tyrosine-kinase receptor, and is involved in 
fundamental processes of cellular development such as hematopoiesis, 
neurogenesis and neuroprotection, with limited direct evidence for a 
possible role in HPA axis regulation. We failed to replicate the associa
tion between KITLG DNA methylation in monocytes in the link between 
early adversity and cortisol stress regulation (Frach et al., 2020). 

To conclude, although it is likely that epigenetic mechanisms play 
their part in the biological embedding of environmental risk, the notion 
of a specific adversity-related epigenetic signature, or “epigenetic 
fingerprint of early adversity” still awaits confirmation. Several reasons 
have been discussed, and among others, include i) the still limited 
coverage of the epigenome by commercially available arrays (true 
epigenome-wide studies are still cost-prohibitive in epidemiological 
settings); ii) the limited overlap with respect to risk exposure and design 
of the published studies; iii) the open question to what extent peripheral 
DNA methylation marks reflect central nervous tissue pattern, and might 
thus be functionally informative or might “only” be useful as bio
markers; iv) the question to what degree environmentally induced DNA 
modifications persist throughout the life course; v) and the role of ge
netic background in shaping differential DNA methylation following 
early adversity (Kumsta, 2019). Lastly, we have to consider the possi
bility that peripheral cells, at least in healthy tissue, do not accommo
date environmental perturbations at all (Loyfer et al., 2023). 
Longitudinal studies that assess DNA methylation pattern proximal to 
risk exposure (Mattonet et al., 2022), incorporating comprehensive 
measures of the exposome and repeated assessment of behavrioal and 
clinical outcomes across the life-span will help to clarify the mediating 
role of DNA methylation signatures involved in stress regulation (Barker 
et al., 2018). 

4. Stress-immune genomics 

Another intersection point between psychosocial stress exposure and 
physiology can be found on the level of gene regulatory processes, in 
particular with regard to influence of stress on immune function. Both 
acute and chronic stress influence the immune system in complex ways, 
and it has been shown that immune response genes are highly sensitive 
to social-environmental conditions (Bower and Kuhlman, 2023). 
Chronic stress seems to shift the immune response from antiviral to a 
more proinflammatory orientations, thought to serve adaptive purposes 
by protecting against bacterial infection and tissue damage typically 
associated with fight-or-flight situations (Cole, 2019). In fact, these 
stress-related alterations in immune response gene expression programs 
have been hypothesized to be one of the pathways through which 
environmental adversity influences disease processes (Irwin and Cole, 
2011). This specific transcriptional profile, termed Conserved Tran
scriptional Response to Adversity (CTRA), is characterized by enhanced 
expression of pro-inflammatory immune response genes and a reciprocal 
downregulation of antiviral immune response genes. It has been 
observed in different species and was associated with different types of 
stress in humans. For instance, it has been observed in people diagnosed 
with breast cancer, individuals experiencing loneliness and chronic 
isolation, low socioeconomic status, bereavement and post-traumatic 
stress disorder (reviewed by Cole, 2019). Mechanistic and bio
informatic analyses revealed that i) upstream signalling driving CTRA 
expression profile involved up-regulated activity of SNS-responsive 
signaling pathways and pro-inflammatory factors, and down-regulated 
activity of interferon response factors (IRFs) and, more variably, the 
glucocorticoid receptor (GR); ii) among the heterogeneous leukocyte 
population, monocytes and dendritic cells seem to be the most respon
sive to changes in socioenvironmental conditions and mediate many of 
the transcriptional effects of social adversity (Cole et al., 2011). 

As the majority of investigations assessed basal gene expression 
profiles, mostly in adults experiencing current chronic stress or in pa
tients afflicted with mental disorders, we set out to investigate 

transcriptional profiles in the context of acute stress in adults who were 
free of current mental or physical health problems. Individuals were 
exposed to the Trier Social Stress Test and compared to a matched 
control group. In addition to psychological and endocrine stress mea
sures, we investigated genome-wide mRNA profiles in monocytes before 
and at two time points after stress exposure (Schwaiger et al., 2016). 

In line with previous reports, adults reporting childhood adversity 
showed blunted ACTH and cortisol responses to stress exposure, with 
similar increases in psychological distress compared to the control 
group. On the level of gene expression, a considerable number of genes 
were differentially expressed, especially pronounced 3 h post-stressor. 
Differences between groups in stress-induced gene expression were 
observed for genes involved in hormone activity, steroid binding, and G- 
protein coupled receptor binding. Furthermore, there were differences 
in cortisol-associated changes in gene expression between the groups, 
which further support adversity-related alterations in stress-induced 
transcriptional regulation of genes involved in immunoregulation and 
signal transducer activity. Higher order bioinformatic analyses identi
fied increased activity of pro-inflammatory upstream signaling in the 
early adversity group as a potential driver of both baseline and stress- 
associated differences in gene expression (Schwaiger et al., 2016). 
Similar results were observed in adolescents exposed to childhood 
adversity, who demonstrated larger increases in inflammatory gene 
expression following acute stress exposure (Kuhlman et al., 2022). 

Using a systems-based approach, we reanalysed our data using 
weighted gene co-expression network analysis, a promising approach to 
complement single gene analyses with additional insights. Focussing on 
the 3 h post-stress time point, we identified 13 co-expression modules 
with 4 enriched for genes related to immune system function. Note
worthy, a monocyte activation module in particular was upregulated in 
the early adversity group and included pro-inflammatory genes, with IL6 
as a hub gene; further hub genes with inflammatory function were 
TM4SF1, ADAMTS4, CYR61, CCDC3. A further noteworthy module was 
enriched for genes associated with chemokine and platelet activation, 
important for homeostasis of the immune system and wound healing 
processes (Dieckmann et al., 2020), which resembles a module that was 
previously linked to combat-related PTSD. 

Taken together, immune gene expression patterns are not influenced 
by current chronic stress but seem to be programmed by early life 
adversity. Here, biological embedding is reflected in stable alterations of 
transcriptional control of stress responsive pathways characterised by 
increased pro-inflammatory bias, which—when chronically or repeat
edly activated—can increase risk for stress-related psychopathology. 
These findings tie in well with the consistently reported association 
between early adversity and systemic or low-grade inflammation (Reid 
and Danese, 2020). Given the high sensitivity of immune function to 
changes in social-environmental conditions, it is not suprising that 
various types of psychological interventions can beneficially influence 
immune function. Both cognitive behavioral therapy and 
mindfulness-based interventions have been shown to decrease inflam
matory activity, particularly at the level of gene expression, and these 
effects might possibly be mediated through increasing aspects of 
well-being, including positive affect and eudaimonic well-being (Bower 
and Kuhlman, 2023). 

We recently compared the RNA co-expression profiles of PTSD pa
tients in purified monocytes before and after 6 weeks of in-patient 
therapy. At baseline, patients who showed a clinically significant 
reduction of PTSD symptoms after inpatient treatment showed signifi
cantly stronger expression of two groups of co-expressed genes. The first 
set of genes was functionally involved in inflammatory processes and 
response to cytokine stimulus and contained IL1R2, and FKBP5, a major 
negative regulator of the glucocorticoid mediated stress response, as 
notable members. The second module was enriched for transcripts 
functionally involved in regulation of fibrinolysis and positive regula
tion of blood coagulation, previously associated with PTSD (see also 
above). 
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Analysis of gene co-expression from pre-to-post therapy showed that 
activity of two modules changed in responders, but not in therapy non- 
responders. Expression of the “wound healing module” decreased after 
PTSD treatment, whereas the expression of a module implicated in the 
regulation of apoptotic pathways and inflammatory processes increased 
after therapy. These results add to the findings that gene expression 
profiles are sensitive to intervention and might possibly be used as 
predictive biomarkers of response to therapeutic intervention. Our 
findings further support the association between PTSD and dysregula
tion of immune system functioning and processes involved in blood 
coagulation and wound healing, and mark both as potentially therapy 
sensitive (Kumsta et al., 2023). 

5. Mitochondrial biology 

Another target for the effects of (early-life) stress that has been 
proposed recently is mitochondrial biology. Similar to the HPA axis, 
mitochondria are viewed as both, targets of stress and source of signals, 
thus contributing to the transduction and biological embedding of psy
chosocial experiences. Pioneered by Picard and colleagues, the mito
chondrial allostatic load (MAL) model suggests that mitochondria are 
sensitive to stress mediators and can accumulate mitochondrial allo
static load (Picard et al., 2019). Mitochondrial allostasis is defined as an 
active process of responding to challenges including the demand for 
energy to maintain cell function and survival, and MAL describes the 
dysregulation of mitochondrial functions resulting from the structural 
and functional changes that mitochondria undergo in response to 
stressors. Several studies suggest that mitochondrial biology is a target 
for early-life adversity, and that altered mitochondrial function might be 
mechanistically involved in the long-term effects of early traumatic 
experience on physical and mental health (Picard and McEwen, 2018a). 

For instance, higher mtDNA copy number in participants with 
childhood adversity were reported (Tyrka et al., 2016). Boeck et al. 
(2016) reported positive correlations between CTQ total scores and 
ATP-production-related respiration in PBMCs from women with a his
tory of childhood adversity, supported by findings showing that expo
sure to childhood maltreatment was linked to a higher mitochondrial 
respiration and density in females (Gumpp et al., 2020). Gyllenhammer 
et al. (2022), reported higher levels of mitochondrial respiratory chain 
enzymatic activities and higher mitochondrial content in offspring of 
mothers experiencing higher biological stress. 

We contributed a proteomics perspective to this body of research. In 
the same individuals that were investigated for stress-associated tran
scriptomic changes, we analysed the monocyte proteom using mass 
spectrometry before and 3 h post stress exposure (Zang et al., 2023). 
Exposure to the TSST did not lead to major changes in protein levels, 
however, we showed significant differences between participants with a 
history of childhood adversity and control participants in protein levels 
at both time points. Protein interaction networks generated from 
differentially expressed proteins indicate a conserved network structure 
of highly connected proteins that play a role mitochondrial biology 
(about one third of all differentially expressed proteins) and protein 
synthesis. Proteins related to mitochondrial biology include for example 
subunits of the cytochrome C oxidase (COX6) the terminal enzyme 
complex of the respiratory chain (complex IV) as well as subunits of the 
mitochondrial ATP synthase (ATP5H), the enzyme catalyzing the syn
thesis of ATP as universal intracellular energy carrier through 
phosphorylation. 

In a complementary approach, we utilised protein co-expression 
analysis, and identified several modules representing specific aspects 
of monocytes cellular biology. These modules harbored e.g. proteins 
relevant for immune response mechanisms or implicated in mitochon
drial biology. Expression differences between groups became evident 
within four modules. One such module was significantly enriched with 
mitochondrial proteins, showed stronger expression in the early adver
sity group and was positively correlated with the Childhood Trauma 

Questionnaire (CTQ) total score, supporting results generated from 
single protein analyses. 

A second co-expression module that was significantly stronger 
expressed in participants with a history of childhood adversity was 
enriched for proteins implicated in regulation of immune system re
sponses and harbored proteins involved within IL-12 signaling. This 
pathway promotes inflammation and facilitates innate as well as adap
tive immune responses, modulating differentiation of T helper cells and 
NK cell toxicity. One notable member of this module is S100A11, a 
member S100 protein family, which has been reported to stimulate the 
production of the pro-inflammatory cytokine IL-6 by peripheral blood 
mononuclear cells (PBMC). 

Together this underlines the idea of mitochondria as cellular com
ponents particularly involved in developmental mechanisms program
ming biological systems towards the demands of stressful environments. 
Our findings provide evidence on the protein level supporting the 
mitochondrial allostatic load model (Picard et al., 2019) with results 
derived from CD14+ monocytes specifically, and provide further evi
dence for a key role of mitochondria in integrating stress- and 
immune-related signalling. A greater amount of mitochondrial respira
tory chain proteins in CD14+ monocytes could as such reflect rather 
stable adaptions towards the increase in physiological energy costs 
resulting from higher pro-inflammatory activities. Alternatively, expe
riencing early adversity might first cause alterations in cellular or 
mitochondrial energetics, which in turn induce inflammation (Picard 
and McEwen, 2018b). Longitudinal studies are needed to establish the 
directionality of effects. 

In general, there is a growing interest in mitochondrial biomarkers 
reflecting stress exposure or psychopathological states. Circulating cell- 
free mtDNA levels have been found elevated in chronically stressed or 
mentally ill individuals (Picard and Sandi, 2021), and we have shown 
that acute stress exposure leads to rapid increases in circulating cell-free 
mtDNA (cf-mtDNA; see also: Trumpff et al., 2019) and cell-free DNA 
levels (Hummel et al., 2018). In addition to mtDNA copy number, 
mtDNA mutations, which accumulate under mitochondrial stress, are 
thought to respresent indicators of MAL. In a recent study, we showed 
that mtDNA copy number and total number of mtDNA deletions 
decreased significantly after 6-weeks of in-patient PTSD treatment. 
Whereas this shows that indicators of MAL were reduced over the course 
of therapy, the level of change in mitochondrial markers did not 
correlate with symptom change over time (Hummel et al., 2023). 

6. Conclusion and outlook 

As living organism, we are highly sensitive to our psychosocial and 
socio-environmental surroundings, and we have developed multiple 
ways of sensing and adapting to constantly changing environmental 
demands. Stress is a balanced and multi-faceted reaction activated in 
response to increased demands, and serves adaptive purposes. However, 
perturbation of this intricate balance, characterised by either exagger
ated or insufficient activity of one or more of its components can have 
consequences on proximal and distal components of stress physiology 
and functioning of the organism as a whole (Agorastos and Chrousos, 
2022). This review summarised part of the evidence showing that 
experience of early adversity can tilt this balance, with long-term al
terations observed on multiple and interconnected levels of regulation. 

Different bio-behavioural, physiological and cellular processes have 
been emerged as targets for adverse psychosocial exposures in early 
development. Dysregulations of hormonal stress regulation, altered 
DNA methylation pattern, which can potentially alter gene expression 
pattern across development, and changes to transcriptomic profiles - as 
more immediate and direct read-outs of gene expression especially in the 
context of stress-immune interplay - have been observed in individuals 
of different ages who experienced abuse, neglect, severe deprivation or 
other types of trauma. Furthermore, on the subcelluar level, different 
aspects of mitochondrial biology seem sensitive to stress signals, which 
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can lead to altered mitochondrial function implicated in disease 
processes. 

Overall, this body of research has led to considerable advances of 
mechanistic knowledge of how exposure to early adversity is linked to 
increased disease risk across the life-span. Nevertheless, open questions 
remain, and I will conclude with considerations for future research. 

One relates to a deeper understanding of the molecular changes. In 
keeping with Hertzman`s archeology metaphor (Hertzman, 2012a), the 
“dig” in uncovering biological embedding of experience has continu
ously progressed from the surficial stratum of experience and behaviour, 
to the shallow stratum of physiology, to deeper strata of cellular function 
and gene regulation. Technological advances have made it possible not 
only to dig deep, but also enable access to the entirety of the biochemical 
landscape of different molecular layers within cells using -omics ap
proaches. The majority of studies, with few exceptions, have focussed on 
single or few of these levels, and one future challenge will be to achieve 
cross-system integration. Systems biology oriented approaches, which 
focus on the functional interrelation of analytes or cell entities, have 
been proposed to gain a more comprehensive understanding of the 
complex multiple interactions between and within layers of analysis 
(Yan et al., 2018). A growing number of statistical approaches is now 
available to analyse multi-omics data sets that integrate three or more 
-omics profiles, which can broadly be classified into supervised and 
unsupervised approaches (Krassowski et al., 2020; Subramanian et al., 
2020). 

It can be expected that multi- or cross-omics approaches will have 
their utility in uncovering molecular changes associated with the 
experience of stress and early adversity. Currently, the expectations 
might not yet be met, and certain challenges need to be overcome, such 
as the imperfect match in number and coverage between the analytes, 
and the limitations associated with cross-sectional assessments when 
studying dynamic processes. For instance, our recent work showed that 
the integrated analysis of cortisol response pattern, DNA methylation, 
mRNA and protein expression did not lead to better results - both in 
terms of discriminating groups and uncovering molecular pathways 
targeted by early adversity - compared to in-depth single layer analysis 
(Zang et al., 2023) 

In the mental health field in general, approaches that integrate multi- 
omics data with clinical data for biomarker discovery, diagnosis, 
outcome and treatment response are increasing in number (Sathyanar
ayanan et al., 2023). These investigations also still face multiple chal
lenges, not only limited to clinical translation, but also related to the 
question of knowing where to start. Stress research offers the opportu
nity to combine the advantages of unbiased and hypothesis-free ap
proaches with theory-driven approaches. Models of biopsychosocial 
interplay, which consider the flow of information from the psychosocial 
to the biological through stress mediators make it possible to define a 
search space in the regulatory landscape of cells and to focus on 
stress-associated changes as starting points for in-depth molecular 
characterisation. The theoretical framework to define the search-spaces 
should be centered around dynamic biobehavioral processes, which can 
be studied through experimental stimulation or interventions, as bio
markers of dysregulated processes are generally best revealed in 
response to challenge. 

In the long run, adopting multi-omics methods in a stress-informed 
systems biology framework can lead to the identification of patient 
clusters with a specific early adversity-induced risk profile, and/ or to 
the development of multi-marker diagnostic panel for - in the best case - 
early detection of pre-disease risk as well as predictive markers for 
targeted intervention and personalised treatment approaches. 

In general, translation of such basic research findings into practice 
continues to be one of the major challenges and pressing needs in 
developmental psychobiology, recognized by researchers, clinicians and 
policymakers alike (Meyer-Lindenberg et al., 2023). It has been high
lighted that exposure to early adversity is one of the most important and 
pervasive risk factor for the development of nearly all major mental 

disorders across the lifespan. It influence onset, course, and comorbidity 
of mental disorders, as well as treatment responses (Teicher et al., 2022), 
and is among most potent and consistent predictors of physical disease 
and reduced longevity (Snyder-Mackler et al., 2020). To improve diag
nosis, classification, treatment selection, and prediction, it is necessary 
to characterise in detail the subtypes of mental disorders which arise as a 
function of early adversity, and have distinct biological and/or behav
ioral features. 

Clearly, the effects of early adversity are not limited to stress regu
lation and changes to systems outlined in this review, and extend to 
more broader domains of social, cognitive and emotional development 
and other brain-body interfaces such as the microbiome. Nevertheless, 
stress research, concerned in particular with long-term consequences of 
early adversity through biological embedding of experience, will play a 
pivotal role in advancing translational efforts for improved diagnosis, 
prevention, and intervention that mitigate early adversity-related health 
outcomes. 
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