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How can early life adversity
still exert an effect decades
later? A question of timing,
tissues and mechanisms

Archibold Mposhi and Jonathan D. Turner*

Immune Endocrine and Epigenetics Research Group, Department of Infection and Immunity,
Luxembourg Institute of Health (LIH), Esch-sur-Alzette, Luxembourg

Exposure to any number of stressors during the first 1000 days from conception
to age 2 years is important in shaping an individual's life trajectory of health and
disease. Despite the expanding range of stressors as well as later-life phenotypes
and outcomes, the underlying molecular mechanisms remain unclear. Our
previous data strongly suggests that early-life exposure to a stressor reduces
the capacity of the immune system to generate subsequent generations of naive
cells, while others have shown that, early life stress impairs the capacity of
neuronal stem cells to proliferate as they age. This leads us to the “stem cell
hypothesis” whereby exposure to adversity during a sensitive period acts through
a common mechanism in all the cell types by programming the tissue resident
progenitor cells. Furthermore, we review the mechanistic differences observed in
fully differentiated cells and suggest that early life adversity (ELA) may alter
mitochondria in stem cells. This may consequently alter the destiny of these
cells, producing the lifelong “supply” of functionally altered fully
differentiated cells.
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1 Introduction

Since the early work of David Barker linking birthweight to later life cardiovascular
disease (1) the link between many different forms of environmental exposure in the first
1000 days has been expanded to many psychopathologies [reviewed in (2)], as well as long-
term immune-mediated diseases (3), metabolic diseases such as diabetes and obesity (4),
and epidemiological studies suggest that such early-life adversity (ELA) is also negatively
associated with life expectancy (5). Stress itself impacts many physiological systems and for
many years there has been a focus on the brain as it controls the two principal stress-
response pathways, the autonomous nervous system (ANS) and hypothalamus-pituitary-
adrenal axis (HPA) (6). There is a general consensus that exposure to stress or adversity in
early life increases the risk of developing disorders that persist throughout life, as in the
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original paradigm of Barker et al. (1, 7, 8). This early-life period is a
particularly sensitive developmental window in which many
biological systems are not only established, but their settings are
adapted to the local environment (9).

This sensitive window is a key element of the current “three-hit”
model of the Developmental Origins of Health and Disease. This
was initially proposed by Daskalakis et al. in 2013 (10). This takes
the “fixed” genome as an immutable first “hit” that is then present
lifelong, providing a baseline genetic risk for disease. This is
accompanied by a second “hit” based on the environment that
the individual is exposed to during such critical developmental
windows. Again, this second “hit” is not sufficient to induce disease
alone. These are then combined into a latent of “susceptible”
phenotype that requires a subsequent element, a third “hit”, many
years later for the disease risk to be crystallized (Figure 1). The
absence of any one “hit” results in a healthy individual and the risk
associated with either the genetic or exposure risk never crystallises.
This was initially conceptualized as a cumulative model where
stressors were thought to accumulate throughout life until a
critical threshold was passed and (psycho)pathology emerged
(11), however, the “three-hit model” suggests that the
environment during the sensitive developmental window is part
of a “predictive adaptive response” (12). A corollary to this is that if
the body of the individual adapts to the anticipated environment
throughout life, the third hit may be the mismatch between the
anticipated later-life environment and the actual environment
encountered, called the match/mismatch hypothesis. Similarly, the
“three hit” model places a genetic susceptibility in an environmental
context. As originally hypothesised by Belskey and Beaver “a genetic
vulnerability in one environment may actually constitute an
adaptive benefit in another environment” (13), putting a
theoretical basis under the gene-environment interactions that are
regularly reported.

Evidence for this sensitive developmental period come from a
number of natural experiments as well as in vivo models. There is
now very strong evidence that short stress exposures lasting days or
weeks, rather than months is a sufficient “second hit” to induce a
significant disease risk. One of the classic natural experiments was
the 1998 Quebec ice storm (14). The Quebec Ice Storm was a
particularly harsh but localised meteorological event, where that the
local population was deprived of electricity and all major facilities
for between two weeks to two months (15). Twenty years later
children exposed to the ice storm either in utero or immediately

Abbreviations: BDNF, brain-derived neurotrophic factor; CNS, Central nervous
system; ELA, Early life adversity; mtDNA, mitochondrial DNA, MD, Maternal
deprivation; NK cell, Natural killer cell; NKT, Natural killer-like T cell; PND,
Post-natal day; ACTH, Adrenocorticotropin hormone; HSPC, Hematopoietic
Stem/Progenitor Cell; CRH, Corticotropin-releasing hormone; GCs,
Glucocorticoids; GR, glucocorticoid receptor; HPA axis, Hypothalamic—
pituitary-adrenal axis; CRP, C-reactive protein; PBMCs, Peripheral blood
mononuclear cells; CMV, cytomegalovirus; TrkB, tropomyosin receptor kinase
B; PGClo, peroxisome proliferator-activated receptor gamma coactivator 1-
alpha; UPR, unfolded protein response; OXPHOS, Oxidative phosphorylation;
LBN, Limited bedding and nesting.

Frontiers in Immunology

10.3389/fimmu.2023.1215544

post-partum had altered metabolic parameters (BMI, insulin
resistance) and increased HPA axis reactivity (16, 17). In a
similar manner, the Dutch Hunger Winter, a consequence of the
German-imposed food embargo in 1943-44 in the Netherlands
demonstrated the importance of the timing of the stress exposure
(18, 19), although, in this cohort, lifellong mental health problems
were observed in addition to the altered metabolic phenotype (20,
21), again mediated by changes DNA methylation (22).

Furthermore, the mother-infant bond is established in the
immediate post-partum period, and any negative psychological or
psychosocial event will alter this bond (23, 24). This concords with
research from the institutionalisation-adoption paradigm where the
carer-infant bond has been shown to be primordial in setting
lifelong health trajectories, and that the psychosocial element is
the strongest (25). Unstable care in an otherwise materially
adequate environment negatively impacted physical, neurological,
and cognitive development; attention, emotion and behaviour;
stress-axis functioning and immune system functioning many
years later (26). Our work on this paradigm shows that even the
shortest time windows for adoption that have been studied so far
(around 2 months) left a strong immune, behavioural, and health
phenotype 24 years later (27-31)

Despite the progress made over the past decades, there are many
unanswered and emerging questions. First of all, as outlined below,
we are currently concentrating our research efforts on somatic, fully
differentiated cells, however, are these the genuine target of the
early-life programming rather than a modification of the
developmental trajectory? Furthermore, as there appears to be an
early life window of susceptibility that leads to a life-long
production of programmed somatic cells are we looking at a
process in which undifferentiated stem cells are programmed to
produce a lifelong supply of modified somatic cells? And finally, are
we looking at a ubiquitous mechanism (or series of mechanisms)
common to many types of stem cells or are there mechanisms
specific to each cell type? This article attempts to address these
questions, taking into account the current literature in light of these
unanswered questions.

2 Hallmarks of embedding: the brain
and the immune system

Extensive reading of the early-life adversity literature suggests
that such exposure principally affects the central nervous system
and the immune system. Long-term observational studies have
associated ELA with an increased risk of developing stress-related
disorders (32) mental health problems, as well as diabetes, obesity,
asthma/allergy, cardiovascular disease and depression (33).
Although the pathophysiology and aetiology underlying these
associations remains obscure, there appears to be “an unholy
trilogy” of interactions between the immune and central nervous
system, partly through the hypothalamus-pituitary-adrenal stress
axis [reviewed in (34)].

At birth, the development of the human brain is not complete,
and it continues throughout the first years of life (35). This makes
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FIGURE 1

The three-hit model conceptualising early life adversity (ELA). Genetic predisposition and experience-related factors in the early-life environment
comprise the first and second hit respectively. After the early-life exposure phase there is a latent phase, whereby phenotypes become programmed.
The development of disease depends on the susceptibility or resilience of these programmed phenotypes to later-life challenges (third hit).

the brain particularly sensitive to the external environment during
this early life period. ELA not only increases the risk of mental
health problems such as schizophrenia and depression, but it also
induces changes in white matter organization and grey matter
volume as well as changing autonomic nervous system function
and activity, HPA axis activity, as well as behaviours such as
emotion and attention (36). For example, data from our
laboratory suggests that the HPA axis is perturbed for up to 24
years after exposure to ELA (31, 37, 38), although peripherally, HPA
axis derived glucocorticoid effects are functionally unaltered (29).
Within this context, the role of the hippocampus is particularly
important. The hippocampus is considered part of the approach-
avoidance system (39), indirectly feeding inhibitory signals into the
hypothalamus controlling the hormonal stress reaction (40),
modulating basal glucocorticoid (GC) levels and the duration of
HPA axis activation (41-43).

At the same time, ELA prematurely ages the immune system,
and this has been extensively reviewed elsewhere (34). Both the
innate and adaptive immune systems are clearly impacted. In the
adaptive immune system CD8+ cytotoxic T cell are the most
strongly affected (28) disturbing the CD4/CD8 balance in a
similar manner to chronic viral infections (44-46), and showing
signs of elevated stimulation (28) and accelerated ageing and
senescence (28, 44). CD4+ T helper cells are not, however,
unaffected, with an increase in senescent (CD57+) cells (44) and
Theiperl7 cells (28). Interestingly, an overall lower percentage of B
cells was associated with ELA in both human and animal studies
(45, 47, 48), without clear causal explanation. In the innate immune
system, there are clear differences in macrophages and natural killer
(NK) cells. There reduced numbers, of macrophages and they have
a lower proliferation, and migratory capacity (49) that is probably
programmed by exposure to glucocorticoids during the early-life
stress period (50). Similarly, ELA reduces the number of circulating
NK cells, decreases their degranulation capacity, and pushes them
to an aged, senescent phenotype earlier (51). Overall, these changes
make the immune system significantly less capable of functional
reactions (e.g. cytotoxicity, degranulation, proliferation) to
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pathogens, and more senescent and pro-inflammatory [reviewed
in (34)]. The question remains as to how this occurs and whether
this reflects a short-term immune advantage with a long-term cost.
Exposure to latent regularly reactivating viruses such as CMV goes
some way to explain the underlying mechanism (30, 44).

Changes to brain and immune system do not occur in splendid
isolation; however, they are both an interdependent part of the
overall ELA-phenotype. Rodent models such as maternal
deprivation concurrently induce behavioural and hippocampal
changes (52) as well changes in both the neuro- and peripheral
immune systems (51, 52). Within the brain, maternal deprivation
leads to neuroinflammation and it increases astrocyte and microglia
numbers as well as the expression of inflammatory cytokines (53,
54), and this seems to be a more general phenomena as other tissue-
resident sentinel cells such as macrophages are part of a bi-
directional immune-central nervous system (CNS) crosstalk (55).
As in the rat models, the human institutional adoption paradigm
also induces concurrent changes in behaviour and the immune
system with an increased risk of mental health problems (27-30).
When the full picture was analysed, although from cohorts
dedicated to studying the immune system or CNS independently,
it appears that ELA plays a role amplifying the interaction between
the peripheral immune system, in particular chronic low-grade
inflammation, acts on both threat and reward circuits to accelerate
the development of both physical and mental health problems
[reviewed in (55)]. While the mechanism by which ELA excepts
its effect concurrently on the immune and nervous system it is clear
that the normal homeostasis of these systems is somehow
perturbed, reaching a new, potentially pathological state together
(34, 56).

Although we are comparing “head to head” changes in the
immune system and the brain, it is worth remembering that these
two systems interact. Pioneering work by the Jankovic laboratory
throughout the 1980s and 90s established the field of
neuroimmunomodulation (57). Innervation of immune tissues
such as the spleen by SNS generates immune synapses where the
environmental situation is passed on to both pro- and anti-

03 frontiersin.org


https://doi.org/10.3389/fimmu.2023.1215544
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Mposhi and Turner

inflammatory macrophages (58) affecting many other parameters as
well (59). However, whilst these seminal studies have paved the way
to the current investigation of how ELA influences immune,
neuronal and metabolic changes in later, they are beyond the
scope of this review.

3 Lifelong programming in the brain
and immune system

To date, we have limited ourselves to differentiated cells in
somatic tissues. Is it possible that we have been barking up the
wrong tree? During the early stages of life, the brain and the
immune system present a high degree of plasticity which makes
them more sensitive to environmental stressors and may result in
lifelong effects being visible decades after exposure (8, 9, 34).
Exposure during the early-life period has to somehow become
“embedded” in order to maintain a stable phenotype over many
decades. This has been assumed to pass through stable epigenetic
mechanisms such as DNA methylation (60). Over the past two
decades there has been considerable effort in determining the
epigenetic modifications, particularly in somatic cells and tissues
such as buccal epithelial cells or circulating white blood cells (60).
However, it has long been accepted, although rarely stated, that
somatic cells have a finite life that is often orders of magnitude
shorter than the duration of the early-life adversity-associated
phenotype. There is, however, considerable heterogeneity in
cellular lifespan (61). Tissues balance cellular death and

10.3389/fimmu.2023.1215544

proliferation to remain in homeostasis. There are tissues that are
particularly long lived, e.g. heart muscle and brain, maintained by
long lived slowly proliferating cells, whereas keratinocytes and
immune cells have a very short lifespan and a high proliferation
rate (61). With the exception of adipose tissue, heart muscle,
neocortical neurons, smooth and skeletal muscles all other cell
types live less than 1.5 years (61).

This “elephant in the room” has an obvious answer. Since
terminally differentiated cells are replaced from partially
differentiated progenitor cells, it is actually these progenitor or
stem cells that are affected (Figure 2). Once programmed (or
“embedded”) they continue to generate somatic cells that are
different from those in unexposed individuals throughout the
duration of the phenotype. Indeed, the “perinatal sensitive
window” may be a period in which such progenitor cells are
naturally susceptible to such programming in order for the body
to adapt to its environment. This is supported by data from the two
tissues that seem to be the most affected by exposure to early-life
adversity, the brain, and the immune system.

In the context of psychosocial stress, the endocrine stress
response is largely controlled by the hippocampal inputs into the
HPA axis (42). The hippocampus is somewhat unique in that
neurogenesis occurs here throughout life, and several thousand
new-born dentate granule cells are generated and inserted into pre-
existing neural circuits every day (62, 63) and are necessary for
normal hippocampal function. These dentate gyrus cells are the
product of hippocampal neurogenesis that is thought to be
regulated by a number of metabolic factors (e.g. IGF-1 VEGEF,
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The “stem cell hypothesis” explaining the maintenance of the ELA phenotype over many decades. We suggest that early-life adversity exerts its
effects on stem cells and/progenitor cells in the brain and immune system resulting in the development of aberrant differentiated cells with impaired
function. The resulting ELA phenotype is characterised by immunosenescence and impaired cognitive function.
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and FGFys) as well as behavioural-stimuli released
neurotransmitters such as GABA. Cerebral neurogenesis is not
limited to the hippocampus, as stem cells have also been
identified within both the striatum (64) as well as the dorsolateral
region of the lateral ventricule (65). In both cases, these stem cells
could differentiate into glia and neuronal cells (64, 65). There is also
evidence to suggest that early stress impairs their ability to
proliferate and differentiate [reviewed in (2)]. Many common
early-life adversity paradigms such as Maternal Separation,
Limited Bedding, or exposure to maternal immune activation in
utero induce major cognitive impairments later in life that are
associated with this reduced repair capacity [reviewed in (2)].

According to a recent study in mice, it was observed that early
life stress impairs cell proliferation in the hypothalamic
parenchyma and reduces the number of putative hypothalamic
neural stem cells at 4 months (66). In another study, exposure to
early life stress impaired hippocampal development in mice by
promoting the depletion of adult neural stem cells in the dentate
gyrus (67). To our knowledge, no further study has been carried out
to determine the mechanisms underlying this impaired
proliferation of neural stem cells. It is plausible that the number
of subsequent neural lineages are affected by this decrease in the
stem cell population which has far reaching consequences on brain
development. This might be another treasure trough linking early
life adversity to the development of cognitive disorders in humans.

There are several indications in literature that hippocampal
neurogenesis is an adaptive response to environmental and/or
internal challenges (68). We hypothesize that upon exposure to
adversity or stress during early life, undifferentiated stem/
progenitor cells are programmed to produce a lifelong supply of
aberrant somatic cells. Consequently, by focussing on differentiated
cells in the brain we are merely observing distal aberrations which
have cascaded from neural stem/progenitor cells over time. It is
therefore, important to broaden our scope to include stem/
progenitor cells since they are the source of anomalous
somatic cells.

In a similar manner to the hippocampus, almost all types of
circulating blood cells are permanently being generated and
released from the bone marrow, where hematopoietic stem cells
(HSC) reside (69). Many immune cell populations are very short-
lived such as dendritic cells, monocytes and granulocytes (70).
Although T and B cells are longer lived and are partly maintained
through their normal proliferative actions, these populations are
also continually replenished with new-born naive cells effectively
maintaining polyclonality in their specificities (71). The only
exceptions to this are cells such as tissue resident macrophages
and Bl-a innate-like lymphocytes that develop during
embryogenesis (72).

Many studies by both ourselves and others, have shown that
ELA is associated with changes in immune cell function. Here, we
propose that exploring epigenetic changes in the haematopoietic
stem cell population during the early stages of life post exposure to
psychosocial stress would provide more information on the lifelong
effects of ELA in the development of disorders of the immune
system. Previously, in a study in mice it was shown that social stress
promotes the migration of hematopoietic stem progenitor cells
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(HSPCs) from the bone marrow to the spleen where they actively
proliferate and differentiate to produce monocytes, neutrophils and
erythrocytes. No further studies have been carried out to test
immune cell functionality in these cell lineages. In our previous
study we have identified impaired NK cell function in a rat ELA
model. In this regard it would be interesting to extend our analysis
to all HSPCs derived immune cells.

It is worth mentioning that stem cells and their early
descendants, progenitor cells, possess two unique traits, the ability
to almost indefinitely proliferate in their undifferentiated state and
secondly, their ability to differentiate into the ~200 distinct human
cell types (73). As differentiated cells have a finite lifespan, there is a
continuous turnover with loss and replacement of these cells from
the pool of dividing stem cells, differentiating into the cells required
(74). It would appear logical to conclude that exposure to an
environment that affects such stem or progenitor cells will have
long-term consequences. Epigenetic programming of stem, rather
than differentiated cells will have a persistent effect, generating
epigenetically programmed stem/progenitor cells as they
proliferate, as well as epigenetically programmed cells as they
differentiate. Consequently, their epigenetic programming will
have a far greater impact and potential for causing disease than
that of the differentiated cells that are currently the focus of our
attention. This “stem cell hypothesis” goes a long way to explain
how ELA leaves a lifelong imprint that can have functional and
pathological effects many decades later.

4 Mechanisms

Although detailed cellular and molecular mechanisms by which
early life adversity induces long term effects have not been
described, there is a large amount of circumstantial evidence that
guides us towards several possible underlying mechanisms. Using
the two most studied tissues, brain and peripheral blood cells, there
are mechanisms that appear to apply to one system, the other, or
potentially both. In light of the previous section, if it is the stem/
progenitor cells that are actually programmed, here we outline the
end result of that programming. The obvious corollary to the “stem
cell hypothesis” is that the underlying mechanism that leads to the
production of functionally divergent differentiated cells has yet to
be examined.

4.1 Regulation of gene transcription

Since the seminal work of Weaver and Meaney in the early
2000s it has been clear that changes in the overall epigenetic
landscape, DNA methylation, and gene transcription contribute
towards maintaining the ELA phenotype (75-78). DNA
methylation changes have been reported in many tissues
including blood, and the brain, particularly in the hippocampus
and prefrontal cortex (PFC) (79-83). And importantly, recent work
suggests that ELA-induced epigenetic changes, as well as their
downstream transcriptional effects are sex-dependent (84).
Although a wide number of genes have been identified and
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investigated, there seems to be a central dyad of the glucocorticoid
receptor (GR) and Brain Derived Neurotrophic Factor (BDNF).

4.1.1 ELA and glucocorticoid
receptor methylation

Epigenetic regulation of the GR has been extensively discussed
elsewhere, however, the GR gene (NR3Cl in man, Nr3cl in
rodents) structure makes it highly amenable to epigenetic
regulation (85-90). The environmentally regulated, complex, 5
untranslated region controls tissue-specific GR expression, GR
protein isoform production and cell surface trafficking (90-92).
Initial work in rodents suggested that maternal care (LGABN;
Licking, grooming and arched-back nursing) modified Nr3cl
methylation in both the cerebellum and the hippocampus (93,
94). This was reported to affect transcription factor binding,
reducing Nr3cl transcription (85, 89, 95) and reduced Gr levels
are associated with increased glucocorticoid responses to stressors
(reviewed in (96, 97). The situation is, unfortunately, less clear in
humans. A range of strong pre-natal adversities including anxiety,
depression, or intimate partner violence, have all been linked to
increased levels of NR3C1 methylation peripherally (98-101). More
recently, the effect of exposure to the COVID-19 pandemic in
different trimesters of pregnancy suggests that lockdown (and
associated stress) during the first trimester induced lower NR3Cl1
methylation levels than exposure during the second or third
trimesters (102). Similarly, post-natal stress exposure (“childhood
maltreatment, parental loss, and low levels of parental care”) has
been linked to increased NR3C1 methylation later in life as both
pre-schoolers, teenagers, and later on as adults (103-105). However,
in the only study examining NR3C1 methylation, expression and
function, ELA exposure did not affect methylation levels, and the
receptor remained functionally identical (29).

The hypothesis of NR3C1 methylation linking ELA to later life
psychopathology is well established [reviewed in (106) and (97)],
and an association has been observed in adults with i) borderline
personality disorder (107), ii) both bulimia and borderline
personality disorder (108), iii) internalizing behaviour problems,
iv) arousal and excitability. Interpretation, however, is made more
complicated due to the limited overlap of CpGs investigated
between different studies, the broad variety of stressors
investigated and the overall complexity of the GR CpG island
regulatory region (29, 90). Furthermore, there is doubt as to the
clinical relevance of the small methylation changes being reported
for the GR and the absence of a clear, direct, causal link between
NR3C1 methylation and eventual transcript and protein levels
(92, 109).

The hypothesis of epigenetic GR regulation remains appealing
since a small number of longitudinal studies have demonstrated
changes in NR3C1 and BDNF promoter methylation over the life
course (110), even if in our study, 24 years post adversity limited (or
no) methylation differences were observed (29).

4.1.2 ELA and BDNF methylation
As for the GR, methylation of the brain-derived neurotrophic
factor (BDNF) gene promoter is clearly influenced by the early life
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environment in both the brain and immune cells with clear effects
on BDNF protein levels (111). Unlike the GR which controls HPA
axis reactivity lifelong, BDNF is involved in brain development as
well as subsequent synaptic transmission and neuroplasticity.
Changes in BDNF gene expression levels peripherally and
centrally have been associated with mental health problems
commonly associated with ELA exposure (111). While the overall
effect of altered GR and BDNF gene methylation may be different,
their mechanisms converge on mitochondrial processes (112). GR
proteins are traditionally cytosolic, with a small percentage being
trafficked to the outer cell membrane (92), however, they are also
translocated into mitochondria. Here, GR regulates bio-energetic
processes including oxidative phosphorylation, while BDNF, helps
control the biogenesis and transport of mitochondria (2).

4.1.3 BDNF and GR transcription effects
influence mitochondria

Mitochondria are a key component in regulating intracellular
stress response and they harbour a complex signalling network
which enables cells to sense internal or environmental changes and
adjust in response to these stimuli (113). From previous studies it is
evident that environmental factors also promote epigenetic changes
which negatively impact the mitochondria’s adaptive response to
stress (113-115). Mitochondria orchestrate stress-signalling
pathways within the endocrine, immune and central nervous
system (CNS) by adjusting their activity to suit the prevailing
energetic demands (116). Perturbed BDNF-GR signalling can
promote mitochondrial dysfunction by disrupting essential bio-
energetic and transport processes which can potentially result in the
development of metabolic and cognitive disorders associated with
the neuroendocrine and immune systems (112).

Under conditions of stress or in the presence of elevated levels
of corticosteroids, GR translocates to the mitochondria and there it
binds to the D-loop regulatory region of the mitochondrial DNA
(mtDNA) thus modulating the expression of mitochondrial genes
(Figure 3) (117). In addition to the D-loop, other GR binding sites
(Glucocorticoid Response Elements, GREs) have been discovered in
mtDNA and these give support to the hypothesis that
mitochondrial GR directly influences mitochondrial gene
transcription and overall mitochondrial physiology (118, 119).
Mitochondrial gene expression is directly linked to mitochondrial
function and therefore any factor that has the potential to regulate
the expression of mitochondrial genes can influence mitochondrial
activity (120). MtDNA methylation in the early life adversity
context is an interesting avenue to explore given recent studies
that have shown that methylation of the mtDNA promotes
mitochondrial dysfunction (121, 122). In nuclear DNA,
methylation within promoter regions affects the binding of
transcription factors and subsequently leads to altered gene
expression. Whether a similar gene expression regulation
mechanism also exists for modulation of mitochondrial genes
remains largely unexplored. In this regard, it would be interesting
to determine whether the methylation status of the mitochondrial
genome at regulatory regions such as the D-loop has an effect on the
binding of transcription factors such as GR during stress conditions.
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BDNF is known to promote mitochondrial function via
activation of its receptor, tropomyosin receptor kinase B (TrkB),
which stimulates peroxisome proliferator-activated receptor
gamma coactivator 1-alpha (PGClo) mediated mitochondrial
biogenesis in neurones (123). This suggests that decreasing BDNF
expression can potentially affect mitochondrial abundance and
therefore attenuate adaptive response to stress. According to
various studies, it is circumstantially evident that BDNF and GR
expression affects mitochondrial functioning during early life
adversity when an individual is subjected to psychological stress (2).

4.2 Telomeres, DNA repair and
genomic stability

There is an intimate symbiotic interrelationship between DNA
repair and telomere maintenance mechanisms that maintains
genome stability and integrity. Telomeres, conserved DNA
repeated sequences, cap the ends of eukaryotic chromosomes
preventing their recognition as “damaged DNA” ensuring
chromosome integrity and genome stability during cellular
replication (124). DNA repair covers a series of mechanisms that
identify and repair damaged DNA including i) base excision repair,
ii) nucleotide excision repair, iii) mismatch repair, and iv)
homologous recombination (125). Consequently, any disturbance
in these signalling pathways results in genomic instability and
potentially disease. Crosstalk between the DNA repair and
telomere maintenance mechanisms means that when telomerase
levels or activity is reduced so too is the DNA damage repair
response (126) and vice versa (127). In the context of early life
adversity, there are a number of studies, particularly from the
Entringer/Wadhwa laboratories that have demonstrated long-
term stress-induced changes in the telomere/telomerase system
(128, 129). There is no clear link so far between ELA and DNA
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integrity, however, some older data suggests that it is linked in a
reversible manner to psychosocial and traumatic stressors later in
life (130). This is, most probably, an indirect effect since activation
of the GR by cortisol reduces transcription of important genes
within the DNA damage repair system (129).

The basic principles of telomere biology have been extensively
reviewed elsewhere (124). Briefly, the telomere end caps lose a few
base pairs with each cell division and these are replaced by
telomerase. However, telomerase has many additional functions
[reviewed in (131)]. During embryogenesis telomerase modulates
multiple cellular signalling pathways. Later in life, telomerase plays
a significant role in activating resting stem cells into a proliferative
state as well as maintaining their proliferative capacity and survival
under physiological stress. However, unlike somatic cells, which
become either senescent, apoptotic or autophagic, it has been shown
that murine stem cells with shortened telomeres maintain their
ability to proliferate but they lose the ability to stably differentiate
into respective cell lineages (132, 133). According to our proposed
hypothesis, exposure to ELA results in long-term stress-induced
changes in the telomere/telomerase system, which impairs stem cell
differentiation into functional somatic cells.

The general decline in telomerase activity during cellular
differentiation is also important to take note of because
telomerase has crucial extra-nuclear functions, particularly in the
mitochondria. Here, it regulates both the mitochondrial membrane
potential and superoxide production (134) processes that are
themselves important regulators of mitochondrial efficiency,
energy production, and oxidative stress. Diminished telomerase
activity, as observed in a murine model, results in mitochondrial
dysfunction characterised by high levels of reactive oxygen species
(ROS) (135). Evidently, this sets into motion a vicious cascade of
events where elevated mitochondrial ROS levels promote DNA
damage, which consequently results in senescence. Overall, these
events are of particular interest in the observed ELA
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immunophenotype and may be pivotal in determining the fate of
stem cells (also see section 4.4.2).

Both DNA repair and the telomere system may also be
important in the context of ELA as they both appear to be very
plastic during this period. Inter-uterine conditions, e.g. gestational
diabetes, inflammation, maternal psychological state, determine
telomere length at birth (128, 129). Similarly, maternal exposure
to air pollution (including smoking), gestational diabetes, and pre-
term-birth/low birth weight increase DNA damage, and reduce
DNA repair capacity (136, 137)

4.3 Impaired autophagy and proteostasis

ELA has become an established risk factor for
neurodegenerative diseases, with standard models of adversity
such as maternal separation, maternal immune activation and
limited bedding and nesting (LBN) (2). In addition to operating
at the (epi) genomic level, translational and protein stability
mechanisms have also been proposed. The maintenance of
adequate functional protein levels, proteostasis, incorporates the
synthesis, folding, stability and eventual degradation of the
proteins within the proteome (reviewed in (2)). This is disturbed
in early life models such as maternal separation (MS), and is
thought to lead to an abnormal “unfolded protein response”
(UPR (138):) that potentially impairs autophagy, providing an
environment in which age-associated neuropathies start to
develop (139). MS-induced changes in autophagy and
proteostasis are visible in the rat hippocampus at 3 months,
persisting to 16 months. This is, however, a tissue-specific
reaction, limited to the hippocampus and surrounding cortical
areas appear to remain unaffected (140). Furthermore, like many
other early-life adversity effects, this appears to also involve the
mitochondrial unfolded protein response in both the
hypothalamus and the hippocampus disrupting healthy brain
aging after exposure to metabolic stimuli as well (2). The LBN
model is, in many ways an experimental proof of the 3-hit
hypothesis. Using biAT mice a bi-genetic model of Alzheimer’s
disease, exposure to an additional early life stressor, in this case a
dearth of suitable bedding and nesting material during the first
days of life, significantly reduced long-term survival, with
symptoms starting earlier, progressing faster, and reaching
humane endpoints earlier, whilst the phenotype was rescued by
an enriched and somewhat ‘positive’ early environment (2, 141).
Similarly, in other genetic models of Alzheimer’s disease exposure
to maternal separation of limited bedding and nursing increases the
rate of cognitive decline, increased plaque deposition and reduced
life expectancy (2, 141). There is no evidence so far which shows
that autophagy and proteostasis are affected in stem cells after
exposure to ELA. However, the autophagy network in adult neural
stem cells regulates proteostasis and is essential for maintaining the
pool of stem cells for life long neurogenesis (142). It is interesting to
hypotheses that the impaired autophagy seen in the LBN model
might also be applicable within the context of our stem cell model.
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4.4 Metabolic regulation

From our previous work, it has become clear that not all
immune cell populations are equally affected. However, there are
many common points between those cell types that are affected,
with a clear bias towards the induction of an inflammatory
senescent phenotype (28, 30, 51). This is accompanied by a
biasing of macrophages towards an M1 rather than an M2
phenotype as well as inducing an inflammatory rather than
immunosuppressive phenotype (143). As we have previously
shown, it is unlikely that epigenetic, transcriptional or functional
changes in the GR underlie the immunophenotype, despite the
strong immunomodulatory effect of glucocorticoids such as cortisol
(29). There was no evidence of dysregulation in either GR signalling
or function in monocytes as well as T and B cells lymphocytes (29).
Our current interpretation is that the induction of a senescent
immunophenotype with the accumulation of CD57+ terminally
differentiated T cells and activated NK cells implies differences
in immunometabolism.

Immunometabolic differences are bi-directional with different
cellular activation and maturation states having specific metabolic
requirements as well as the available nutrients and soluble factors
influencing the immune state (reviewed in (144, 145). Indeed,
there is an intense cross-talk between the immune system and the
host metabolites and soluble factors that are present in the
environment that the immune cells are exposed to. Many of
these metabolites and soluble factors are derived from the host’s
microbiome, which is also strongly affected by ELA (146, 147).
These metabolites have significant immune-modulating potential
(148), helping maintain the balance between immune tolerance
and inflammatory phenotypes. In light of the ELA-induced
immune senescence, it is interesting to note that several
metabolite classes have been strongly associated with the
induction of immunosenescence (Figure 4). The principal
classes of metabolites associated with the induction of
immunosenescence are saturated fatty acids, ceramides and
lactate [Figure 4 (148)].

Of these, differences in the metabolism of glutamine and
arginine are concordant with the ELA immunophenotype.
Glutamine is usually highly abundant and is essential for the
proliferation of T cells (149), macrophages (150), as well as
biasing macrophages towards the M1 and inflammatory
phenotype cycle (150, 151), key elements of the ELA
immunophenotype. Furthermore, the age-associated decline in
glutamine levels has been hypothesised to “contribute towards
the age-associated functional defects in immune cells” (148) that
share many parallels with the ELA immunophenotype (34).
Although glutamine doesn’t appear to be important in NK
cells, arginine is essential for their proliferation and
cytotoxicity, proliferation and cytokine secretion from T-cells
(152, 153), and is a critical substrate for both arginase and the
production of inducible NOS (iNOS). As arginine levels fall
with age, it has been assumed to amplify age-related
immunosuppression (16).
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4.4.1 Nutrient metabolism

As recently suggested, nutrient metabolism is very much an
under-explored link between early life adversity, inflammation, and
long-term disease risk (154). It is assumed that the immune system
requires an adequate supply of both macro and micronutrients to
develop correctly. However, there is now a growing literature that
suggests that several different forms of psychosocial stress disturb
nutrient uptake and metabolism, potentially associated with stress-
induced alterations in the GI-microbiome, leading to altered
development of the immune system (reviewed in (154, 155).
Recently, Reid et al. suggested and subsequently demonstrated
that iron deficiency may be an important factor, although, as our
knowledge of alterations in ELA-induced microbiome and
microbial metabolite changes grow, many other factors will
become important (154, 156). Unfortunately, despite
uncomplicated, cheap and effective treatment iron deficiency is
perhaps the most common form of malnutrition affecting roughly
40% of those under 5 years old in the US (157), moreover, exposure
to ELA is a significant risk factor for iron deficiency (156) and
potentially in the development of the ELA immunophenotype
(158). Like many other early life paradigms, iron deficiency in
early life increases activity of pro-inflammatory cytokine induced
gene expression pathways, reduces anti-inflammatory gene
expression, and alters immune cell functional responses in mice.
This could not be reversed despite the limited period of iron
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deficiency and the return to physiologically normal iron levels
(158). Iron supplementation in adolescents, including in those
with a prior history of ELA, was associated with decreased levels
of inflammation (159).

Iron deficiency may not uniquely affect the ELA-associated
immunophenotype. However, iron is essential in many post-natal
developmental processes. Brain structure and function during this
period also requires iron (156), as does synthesis of key
neurotransmitters (dopamine, norepinephrine, and serotonin)
(160) suggesting that it may play a role in other aspects of the
overall ELA-phenotype.

4.4.2 Mitochondrial metabolism and Intracellular
stressors (ROS)

Mitochondrial metabolism is a critical component of the cells’
overall energy metabolism. Mitochondria serve as key signalling
organelles in both the brain and immune system, in part through
the production of metabolites such as cellular reactive oxygen
species (ROS), which can modulate developmental pathways. ROS
has long been thought of as a form of intra-cellular stress, as well as
a key signalling molecule but mounting evidence suggests that it
may also be a common intermediate of many psychosocial and
early-life stressors. ROS production is induced, for example as part
of the non-genomic actions of glucocorticoids (161) mediated by
the membrane glucocorticoid receptor (92). Furthermore, long-
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term administration of GC down-regulates mitochondrial electron
transport chain complex proteins, consequently increasing the
production of ROS from the mitochondria (162, 163). This is not
limited to exogenous GC administration, there is clear evidence for
endogenous ROS in stress-related inflammatory (164), endocrine
(165), as well as metabolic perturbations (166). Stem cells depend
on anaerobic glycolysis for energy production in order to minimize
the production of ROS and only shift toward mitochondrial
oxidative phosphorylation (OXPHOS) during differentiation
(167). Despite glycolysis generating less ATP compared to
OXPHOS, its kinetics is faster and this enables it to reliably
support rapid cell growth and proliferation of stem/progenitor
cells. On the other hand, despite producing more ROS, OXPHOS
is a more efficient way of generating ATP and is used in energy-
demanding differentiated cells. One of the major features of
senescence in cells is mitochondrial dysfunction coupled to the
excessive build-up of intracellular ROS. Therefore, by minimising
the amount of intracellular ROS, stem/progenitor cells are able to
prevent senescence and they retain their proliferative capacity and
ability to differentiate into different cell lineages. Interestingly, even
after differentiation, hematopoietic cells still maintain the ability to
switch between glycolysis and OXPHOS. For example, activated
macrophages and dendritic cells (DCs) undergo a metabolic shift
from mitochondrial OXPHOS towards glycolysis. These metabolic
swifts have also been observed during neuronal cell differentiation
and they are coupled to increases in mitochondrial biogenesis (168).
From these data it is fundamentally evident that stem/progenitor
cells have a dynamic energetic profile that is largely dependent on
the stage of differentiation and that mitochondrial metabolism is a
major player orchestrating the shift from glycolysis to OXPHOS.
During exposure to ELA, there are complex intracellular processes
taking place and among these, chronic exposure to GC increases
mitochondrial ROS production, lowers ATP generation and inhibits
mitochondrial biogenesis. While it may appear ambitious, the
emergence of senescent immune cell phenotypes can be attributed
to alterations in mitochondrial metabolism.

5 Moving away from brain-specific
models to more holistic models of the
effects of ELA

There is now a large body of observational clinical evidence that
exposure to any number of stressors during this period is of critical
importance in shaping an individual’s life trajectory of health and
disease. Past studies on ELA have focused on the glucocorticoid
receptor, HPA axis and fully differentiated somatic cells. Despite the
considerable challenges and progress made, these have not provided
us with convincing mechanisms behind the resultant phenotype
and disease risk later in life. Here, we have looked at the role of
concurrent programming of the immune and nervous systems in
the long-term phenotype and trajectory induced by exposure to
ELA to see if we can gain insight by comparing the two systems to
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find common underlying elements. It is now clear that these two
systems act together to make a strong immune-brain axis that is
disturbed by the developmental environment. A lot of effort has
been made to understand what ELA actually is, with two competing
hypotheses: cumulative risk, or dimensional models. The former is
centred around the simple summation of the individual episodes of
a wide range of types of adversity, whereas the latter is based on a
more refined separation of the types of adversity into “dimensions
of environmental experience that are shared across multiple forms
of adversity” (169, 170). Unfortunately, the recent work separating
adversity into component dimensions has had a clear neuro-
developmental and psychopathological bias, and the underlying
biological changes have been somewhat left aside. These
dimensional models have proven highly successful in identifying
the psychopathological effects of a threatening environment
(emotional processing, reactivity and learning; increased threat
sensitivity) that largely explains the preceding literature (170).
Similarly, the axe “deprivation”, centred on paradigms including
institutionalisation, neglect or reduced caretaker interactions largely
explains the reduced social cognition, executive function and
language deficiencies seen later in life (170-172).

The challenge is now to see how these dimensions can be
transferred over to the disturbances seen in the immune system, and
how the brain-immune axis is affected in each case. If, as we suspect,
we will see a clear disturbance in the brain-immune homeostasis
this will allow us to probe much further, and interrogate the
biological mechanisms underlying the link not only between
adversity and immune function, but to draw more biological and
mechanistic conclusions behind the link to psychopathology. Over
the past decades, the range of stressors and the later-life phenotypes
and outcomes have expanded exponentially, however, despite
several limited advances the underlying molecular mechanisms
remain unclear. Indeed, for the majority of the observed
phenotypes the affected tissues remain supposition, as do the
intracellular processes affected (Figure 5). Similarly, the
mechanism by which such phenotypes are maintained over many
years or decades has been supposed to be epigenetic, however, this
has never been definitively proven. The absence of such evidence led
us to the current critical re-examination of the literature and the
presentation of the “stem cell hypothesis” as an alternative
potential mechanism.

When, as here, we take the immune system and brain together,
it becomes clear, at the macroscopic level that common elements
such as a lifelong turnover and production of new terminally
differentiated cells offer an interesting explication for the long-
term effects of ELA. Our previous data strongly suggests that early-
life exposure to a stressor reduces the capacity of the immune
system to generate subsequent generations of naive cells, while
others have shown that, early life stress impairs the capacity of
neuronal stem cells to proliferate as they age. This leads us to the
“stem cell hypothesis” whereby exposure to adversity during a
sensitive period acts through a common mechanism in all the cell
types by programming the tissue resident progenitor cells, thus
ensuring a lifelong supply of functionally altered differentiated cells.
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The “stem cell hypothesis” fits very nicely with the mechanistic
differences seen in the differentiated cells we have investigated so
far. One result stands out. Mitochondria do not only play a role in
providing energy for cells, but, they play a key role in determining
the fate of stem cells (particularly HSCs as outlined above). There is
alot of work currently ongoing as to how metabolites and metabolic
process regulate differentiation and the fate of HSCs with
unsuspected metabolites and signalling axes such as the non-
classical retinoic acid pathway being implicated in controlling
HSC destiny recently (167, 173). It does not take a great leap of
imagination to imagine that ELA may alter mitochondria in the
HSC and consequently alter the destiny of these cells, producing the
lifelong “supply” of functionally altered differentiated cells. Indeed,
the availability of anti-leukemic drugs targeting mitochondrial
function e.g. Actinomycin D (174) may also open up avenues for
exploring the role of mitochondrial dysfunction after ELA.

There are many challenges remaining. While the mechanisms
in fully differentiated brain and immune cells remain poorly
understood, it is perhaps time to look at the resident progenitor
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cells and what common mechanisms would produce functionally
different immune and brain cells beyond the role for mitochondria
that we have outlined here. We have outlined apparent flaws in our
current approach to understanding the biological underpinnings of
the Developmental Origins of Health and Disease. In past studies
our approach extensively focussed on e.g. the glucocorticoid
receptor, the HPA axis, and differentiated cells. However, a small
number of emerging studies point to the correctness of our current
assessment, and suggest that there are more fundamental and deep-
rooted processes involved in the generation and maintenance of the
overall ELA phenotype that may be common to all the tissues and
systems affected.

Data availability statement

The original contributions presented in the study are included
in the article/supplementary material. Further inquiries can be
directed to the corresponding author.

frontiersin.org


https://doi.org/10.3389/fimmu.2023.1215544
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Mposhi and Turner

Author contributions

Conceptualization: AM and JT; literature review: AM and JT;
Manuscript writing and editing: AM and JT. Both authors
contributed to the article and approved the submitted version.

Funding

This study was funded by the Fonds National de Recherche
Luxembourg grants FNR-CORE (C20/BM/14766620
“ImmunoTwin”) and the Ministry of Higher Education and
Research of Luxembourg.

Acknowledgments

The authors would like to thank all the study participants over
the previous years, as well as the PhD students that have worked
on our numerous ELA studies including Martha Elwenspoek,
Fleur Leenen, Myriam Merz, Sara Fernandes, Snehaa Seal and
Eleftheria Charalambous. Without the technical support of Sophie

References

1. Barker DJ. Fetal origins of coronary heart disease. BMJ (1995) 311(6998):171-4.
doi: 10.1136/bmj.311.6998.171

2. Chaudhari PR, Singla A, Vaidya VA. Early adversity and accelerated brain aging:
a mini-review. Front Mol Neurosci (2022) 15:822917. doi: 10.3389/fnmol.2022.822917

3. Flanigan C, Sheikh A, DunnGalvin A, Brew BK, Almqvist C, Nwaru BIL.
Prenatal maternal psychosocial stress and offspring’s asthma and allergic disease: a
systematic review and meta-analysis. Clin Exp Allergy (2018) 48(4):403-14. doi:
10.1111/cea.13091

4. Burgueno AL, Juarez YR, Genaro AM, Tellechea ML. Systematic review and meta-
analysis on the relationship between prenatal stress and metabolic syndrome intermediate
phenotypes. Int | Obes (Lond) (2020) 44(1):1-12. doi: 10.1038/s41366-019-0423-z

5. Brown DW, Anda RF, Tiemeier H, Felitti V], Edwards V], Croft JB, et al. Adverse
childhood experiences and the risk of premature mortality. Am J Prev Med (2009) 37
(5):389-96. doi: 10.1016/j.amepre.2009.06.021

6. McEwen BS. Physiology and neurobiology of stress and adaptation: central role of
the brain. Physiol Rev (2007) 87(3):873-904. doi: 10.1152/physrev.00041.2006

7. Entringer S, Kumsta R, Hellhammer DH, Wadhwa PD, Wust S. Prenatal
exposure to maternal psychosocial stress and HPA axis regulation in young adults.
Hormones behavior (2009) 55(2):292-8. doi: 10.1016/j.yhbeh.2008.11.006

8. Elwenspoek MMC, Kuehn A, Muller CP, Turner JD. The effects of early life
adversity on the immune system. Psychoneuroendocrinology (2017) 82:140-54. doi:
10.1016/j.psyneuen.2017.05.012

9. Grova N, Schroeder H, Olivier JL, Turner JD. Epigenetic and neurological
impairments associated with early life exposure to persistent organic pollutants. Int |
Genomics (2019) 2019:2085496. doi: 10.1155/2019/2085496

10. Daskalakis NP, Bagot RC, Parker KJ, Vinkers CH, de Kloet ER. The three-hit
concept of vulnerability and resilience: toward understanding adaptation to early-life
adversity outcome. Psychoneuroendocrinology (2013) 38(9):1858-73. doi: 10.1016/
j-psyneuen.2013.06.008

11. McEwen BS. Stress, adaptation, and disease. Allostasis allostatic load Ann N'Y
Acad Sci (1998) 840:33-44. doi: 10.1111/j.1749-6632.1998.tb09546.x

12. Gluckman PD, Hanson MA, Buklijas T, Low FM, Beedle AS. Epigenetic
mechanisms that underpin metabolic and cardiovascular diseases. Nat Rev
Endocrinol (2009) 5(7):401-8. doi: 10.1038/nrendo.2009.102

13. Belsky J, Beaver KM. Cumulative-genetic plasticity, parenting and adolescent
self-regulation. J Child Psychol Psychiatry (2011) 52(5):619-26. doi: 10.1111/j.1469-
7610.2010.02327.x

14. Holuka C, Merz MP, Fernandes SB, Charalambous EG, Seal SV, Grova N, et al.
The COVID-19 pandemic: does our early life environment, life trajectory and

Frontiers in Immunology

12

10.3389/fimmu.2023.1215544

Meriaux, Pauline Guebels, Stephanie Schmitz and Fanny
Bonnemberger (LIH, Esch sur Alzette) none of our work
investigating the long-term effects of early life adversity could
have been performed over the previous years. Figures were made
with Biorender.com.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

socioeconomic status determine disease susceptibility and severity? Int ] Mol Sci
(2020) 21(14):5094. doi: 10.3390/ijms21145094

15. Cao-Lei L, Dancause KN, Elgbeili G, Massart R, Szyf M, Liu A, et al. DNA
Methylation mediates the impact of exposure to prenatal maternal stress on BMI and
central adiposity in children at age 13(1/2) years: project ice storm. Epigenetics (2015)
10(8):749-61. doi: 10.1080/15592294.2015.1063771

16. Veru F, Laplante DP, Luheshi G, King S. Prenatal maternal stress exposure and
immune function in the offspring. Stress (2014) 17(2):133-48. doi: 10.3109/
10253890.2013.876404

17. Yong Ping E, Laplante DP, Elgbeili G, Jones SL, Brunet A, King S. Disaster-
related prenatal maternal stress predicts HPA reactivity and psychopathology in
adolescent offspring: project ice storm. Psychoneuroendocrinology (2020) 117:104697.
doi: 10.1016/j.psyneuen.2020.104697

18. Heijmans BT, Tobi EW, Stein AD, Putter H, Blauw GJ, Susser ES, et al.
Persistent epigenetic differences associated with prenatal exposure to famine in
humans. Proc Natl Acad Sci U S A (2008) 105(44):17046-9. doi: 10.1073/
pnas.0806560105

19. Schulz LC. The Dutch hunger winter and the developmental origins of health and
disease. Proc Natl Acad Sci U S A (2010) 107(39):16757-8. doi: 10.1073/pnas.1012911107

20. Roseboom T, de Rooij S, Painter R. The Dutch famine and its long-term
consequences for adult health. Early Hum Dev (2006) 82(8):485-91. doi: 10.1016/
j.earlhumdev.2006.07.001

21. Susser E, Neugebauer R, Hoek HW, Brown AS, Lin S, Labovitz D, et al.
Schizophrenia after prenatal famine. further evidence. Arch Gen Psychiatry (1996) 53
(1):25-31. doi: 10.1001/archpsyc.1996.01830010027005

22. Tobi EW, Lumey LH, Talens RP, Kremer D, Putter H, Stein AD, et al. DNA
Methylation differences after exposure to prenatal famine are common and timing- and
sex-specific. Hum Mol Genet (2009) 18(21):4046-53. doi: 10.1093/hmg/ddp353

23. Cook N, Ayers S, Horsch A. Maternal posttraumatic stress disorder during the
perinatal period and child outcomes: a systematic review. J Affect Disord (2018) 225:18—
31. doi: 10.1016/}.jad.2017.07.045

24. McDonald S, Slade P, Spiby H, Iles J. Post-traumatic stress symptoms, parenting
stress and mother-child relationships following childbirth and at 2 years postpartum. J
Psychosom Obstet Gynaecol (2011) 32(3):141-6. doi: 10.3109/0167482X.2011.596962

25. Johnson JD, O’Connor KA, Deak T, Spencer RL, Watkins LR, Maier SF. Prior
stressor exposure primes the HPA axis. Psychoneuroendocrinology (2002) 27(3):353—
65. doi: 10.1016/S0306-4530(01)00057-9

26. Turner JD. Childhood adversity from conception onwards: are our tools unnecessarily
hindering us? J Behav Med (2018) 41(4):568-70. doi: 10.1007/s10865-018-9939-2

frontiersin.org


https://doi.org/10.1136/bmj.311.6998.171
https://doi.org/10.3389/fnmol.2022.822917
https://doi.org/10.1111/cea.13091
https://doi.org/10.1038/s41366-019-0423-z
https://doi.org/10.1016/j.amepre.2009.06.021
https://doi.org/10.1152/physrev.00041.2006
https://doi.org/10.1016/j.yhbeh.2008.11.006
https://doi.org/10.1016/j.psyneuen.2017.05.012
https://doi.org/10.1155/2019/2085496
https://doi.org/10.1016/j.psyneuen.2013.06.008
https://doi.org/10.1016/j.psyneuen.2013.06.008
https://doi.org/10.1111/j.1749-6632.1998.tb09546.x
https://doi.org/10.1038/nrendo.2009.102
https://doi.org/10.1111/j.1469-7610.2010.02327.x
https://doi.org/10.1111/j.1469-7610.2010.02327.x
https://doi.org/10.3390/ijms21145094
https://doi.org/10.1080/15592294.2015.1063771
https://doi.org/10.3109/10253890.2013.876404
https://doi.org/10.3109/10253890.2013.876404
https://doi.org/10.1016/j.psyneuen.2020.104697
https://doi.org/10.1073/pnas.0806560105
https://doi.org/10.1073/pnas.0806560105
https://doi.org/10.1073/pnas.1012911107
https://doi.org/10.1016/j.earlhumdev.2006.07.001
https://doi.org/10.1016/j.earlhumdev.2006.07.001
https://doi.org/10.1001/archpsyc.1996.01830010027005
https://doi.org/10.1093/hmg/ddp353
https://doi.org/10.1016/j.jad.2017.07.045
https://doi.org/10.3109/0167482X.2011.596962
https://doi.org/10.1016/S0306-4530(01)00057-9
https://doi.org/10.1007/s10865-018-9939-2
https://doi.org/10.3389/fimmu.2023.1215544
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Mposhi and Turner

27. Elwenspoek MMC. Phenotype and mechanisms of altered immune functions
induced by early life adversity phdnotyp und mechanismen verdnderter
immunfunktionen, induziert durch traumatische erfahrungen in der frithen kindheit.
(2018). PhD Thesis; Germany: University of Trier. doi: 10.25353/ubtr-xxxx-03d5-efe3

28. Elwenspoek MMC, Hengesch X, Leenen FAD, Schritz A, Sias K, Schaan VK,
et al. Proinflammatory T cell status associated with early life adversity. ] Immunol
(2017) 199(12):4046-55. doi: 10.4049/jimmunol.1701082

29. Elwenspoek MMC, Hengesch X, Leenen FAD, Sias K, Fernandes SB, Schaan VK,
et al. Glucocorticoid receptor signaling in leukocytes after early life adversity. Dev
Psychopathol (2020) 32(3):853-63. doi: 10.1017/S0954579419001147

30. Elwenspoek MMC, Sias K, Hengesch X, Schaan VK, Leenen FAD, Adams P, et al. T
Cell immunosenescence after early life adversity: association with cytomegalovirus infection.
Front Immunol (2017) 8(1263):1263. doi: 10.3389/fimmu.2017.01263

31. Hengesch X, Elwenspoek MMC, Schaan VK, Larra MF, Finke JB, Zhang X, et al.
Blunted endocrine response to a combined physical-cognitive stressor in adults with
early life adversity. Child Abuse Negl (2018) 85(1873-7757(1873-7757 (Electronic):137-
44. doi: 10.1016/j.chiabu.2018.04.002

32. Schaefer JD, Moffitt TE, Arseneault L, Danese A, Fisher HL, Houts R, et al.
Adolescent victimization and early-adult psychopathology: approaching causal
inference using a longitudinal twin study to rule out noncausal explanations. Clin
Psychol Sci (2018) 6(3):352-71. doi: 10.1177/2167702617741381

33. Hertzman C, Boyce T. How experience gets under the skin to create gradients in
developmental health. Annu Rev Public Health (2010) 31:329-47. doi: 10.1146/
annurev.publhealth.012809.103538

34. Merz MP, Turner JD. Is early life adversity a trigger towards inflammageing?
Exp Gerontol (2021) 150:111377. doi: 10.1016/j.exger.2021.111377

35. Rice D, Barone S Jr. Critical periods of vulnerability for the developing nervous
system: evidence from humans and animal models. Environ Health Perspect (2000) 108
Suppl 3(Suppl 3):511-33. doi: 10.1289/ehp.00108s3511

36. Bick J, Nelson CA. Early adverse experiences and the developing brain.
Neuropsychopharmacology (2016) 41(1):177-96. doi: 10.1038/npp.2015.252

37. Gunnar MR, Frenn K, Wewerka SS, Van Ryzin MJ. Moderate versus severe early
life stress: associations with stress reactivity and regulation in 10-12-year-old children.
Psychoneuroendocrinology (2009) 34(1):62-75. doi: 10.1016/j.psyneuen.2008.08.013

38. Meaney MJ. Maternal care, gene expression, and the transmission of individual
differences in stress reactivity across generations. Annu Rev Neurosci (2001) 24
(1):1161-92. doi: 10.1146/annurev.neuro.24.1.1161

39. Ito R, Lee ACH. The role of the hippocampus in approach-avoidance conflict
decision-making: evidence from rodent and human studies. Behav Brain Res (2016)
313:345-57. doi: 10.1016/j.bbr.2016.07.039

40. Ziegler DR, Herman JP. Local integration of glutamate signaling in the
hypothalamic paraventricular region: regulation of glucocorticoid stress responses.
Endocrinology (2000) 141(12):4801-4. doi: 10.1210/endo.141.12.7949

41. Fee C, Prevot T, Misquitta K, Banasr M, Sibille E. Chronic stress-induced behaviors
correlate with exacerbated acute stress-induced cingulate cortex and ventral hippocampus
activation. Neuroscience (2020) 440:113-29. doi: 10.1016/j.neuroscience.2020.05.034

42. Jankord R, Herman JP. Limbic regulation of hypothalamo-pituitary-
adrenocortical function during acute and chronic stress. Ann N Y Acad Sci (2008)
1148:64-73. doi: 10.1196/annals.1410.012

43. Aguilera G, Liu Y. The molecular physiology of CRH neurons. Front
Neuroendocrinol (2012) 33(1):67-84. doi: 10.1016/j.yfrne.2011.08.002

44. Reid BM, Coe CL, Doyle CM, Sheerar D, Slukvina A, Donzella B, et al. Persistent
skewing of the T-cell profile in adolescents adopted internationally from institutional
care. Brain Behav Immun (2019) 77:168-77. doi: 10.1016/j.bbi.2019.01.001

45. Esposito EA, Jones MJ, Doom JR, Maclsaac JL, Gunnar MR, Kobor MS.
Differential DNA methylation in peripheral blood mononuclear cells in adolescents
exposed to significant early but not later childhood adversity. Dev Psychopathol (2016)
28(4pt2):1385-99. doi: 10.1017/50954579416000055

46. Schmeer KK, Ford JL, Browning CR. Early childhood family instability and
immune system dysregulation in adolescence. Psychoneuroendocrinology (2019)
102:189-95. doi: 10.1016/j.psyneuen.2018.12.014

47. Naumova OY, Lee M, Koposov R, Szyf M, Dozier M, Grigorenko EL. Differential
patterns of whole-genome DNA methylation in institutionalized children and children
raised by their biological parents. Dev psychopathol (2012) 24(1):143-55. doi: 10.1017/
$0954579411000605

48. Obi IE. Early life stress and immune responses in adult rat kidneys. Birmingham:
ProQuest Dissertations Publishing: The University of Alabama (2019).

49. Desgeorges T, Caratti G, Mounier R, Tuckermann J, Chazaud B. Glucocorticoids
shape macrophage phenotype for tissue repair. Front Immunol (2019) 10(1591):1591.
doi: 10.3389/fimmu.2019.01591

50. Xie Y, Meijer AH, Schaaf MJM. Glucocorticoid treatment exacerbates mycobacterial
infection by reducing the phagocytic capacity of macrophages glucocorticoids and zebrafish
TB. bioRxiv (2020) 2020:06.19.161653. doi: 10.1101/2020.06.19.161653

51. Fernandes SB, Patil ND, Meriaux S, Theresine M, Muller CP, Leenen FAD, et al.
Unbiased screening identifies functional differences in NK cells after early life
psychosocial stress. Front Immunol (2021) 12:674532. doi: 10.3389/fimmu.2021.674532

Frontiers in Immunology

13

10.3389/fimmu.2023.1215544

52. Miragaia AS, de Oliveira Wertheimer GS, Consoli AC, Cabbia R, Longo BM,
Girardi CEN, et al. Maternal deprivation increases anxiety- and depressive-like
behaviors in an age-dependent fashion and reduces neuropeptide y expression in the
amygdala and hippocampus of Male and female young adult rats. Front Behav Neurosci
(2018) 12:159. doi: 10.3389/fnbeh.2018.00159

53. Banqueri M, Mendez M, Gomez-Lazaro E, Arias JL. Early life stress by repeated
maternal separation induces long-term neuroinflammatory response in glial cells of
male rats. Stress (2019) 22(5):563-70. doi: 10.1080/10253890.2019.1604666

54. Nettis MA, Pariante CM, Mondelli V. Early-life adversity, systemic
inflammation and comorbid physical and psychiatric illnesses of adult life. Curr Top
Behav Neurosci (2020) 44:207-25. doi: 10.1007/7854_2019_89

55. Nusslock R, Miller GE. Early-life adversity and physical and emotional health
across the lifespan: a neuroimmune network hypothesis. Biol Psychiatry (2016) 80
(1):23-32. doi: 10.1016/j.biopsych.2015.05.017

56. Black PH. Immune system-central nervous system interactions: effect and
immunomodulatory consequences of immune system mediators on the brain.
Antimicrob Agents Chemother (1994) 38(1):7-12. doi: 10.1128/AAC.38.1.7

57. Jankovic BD. Neuroimmunomodulation from phenomenology to molecular
evidence. Ann NY Acad Sci (1994) 741:1-38. doi: 10.1111/j.1749-6632.1994.tb39641.x

58. Straub RH. Complexity of the bi-directional neuroimmune junction in the
spleen. Trends Pharmacol Sci (2004) 25(12):640-6. doi: 10.1016/j.tips.2004.10.007

59. Straub RH. The brain and immune system prompt energy shortage in chronic
inflammation and ageing. Nat Rev Rheumatol (2017) 13(12):743-51. doi: 10.1038/
nrrheum.2017.172

60. Evans L, Engelman M, Mikulas A, Malecki K. How are social determinants of
health integrated into epigenetic research? a systematic review. Soc Sci Med (2021)
273:113738. doi: 10.1016/j.socscimed.2021.113738

61. Seim I, Ma S, Gladyshev VN. Gene expression signatures of human cell and
tissue longevity. NPJ Aging Mech Dis (2016) 2:16014. doi: 10.1038/npjamd.2016.14

62. Wang X, Liu H, Morstein J, Novak AJE, Trauner D, Xiong Q, et al. Metabolic
tuning of inhibition regulates hippocampal neurogenesis in the adult brain. Proc Natl
Acad Sci U S A (2020) 117(41):25818-29. doi: 10.1073/pnas.2006138117

63. Boldrini M, Fulmore CA, Tartt AN, Simeon LR, Pavlova I, Poposka V, et al.
Human hippocampal neurogenesis persists throughout aging. Cell Stem Cell (2018) 22
(4):589-99 e5. doi: 10.1016/j.stem.2018.03.015

64. Reynolds BA, Weiss S. Clonal and population analyses demonstrate that an
EGF-responsive mammalian embryonic CNS precursor is a stem cell. Dev Biol (1996)
175(1):1-13. doi: 10.1006/dbio.1996.0090

65. Morshead CM, Reynolds BA, Craig CG, McBurney MW, Staines WA,
Morassutti D, et al. Neural stem cells in the adult mammalian forebrain: a relatively
quiescent subpopulation of subependymal cells. Neuron (1994) 13(5):1071-82. doi:
10.1016/0896-6273(94)90046-9

66. Bielefeld P, Abbink MR, Davidson AR, Reijner N, Abiega O, Lucassen PJ, et al.
Early life stress decreases cell proliferation and the number of putative adult neural
stem cells in the adult hypothalamus. Stress (2021) 24(2):189-95. doi: 10.1080/
10253890.2021.1879787

67. Youssef M, Atsak P, Cardenas J, Kosmidis S, Leonardo ED, Dranovsky A. Early
life stress delays hippocampal development and diminishes the adult stem cell pool in
mice. Sci Rep (2019) 9(1):4120. doi: 10.1038/541598-019-40868-0

68. Lieberwirth C, Pan Y, Liu Y, Zhang Z, Wang Z. Hippocampal adult
neurogenesis: its regulation and potential role in spatial learning and memory. Brain
Res (2016) 1644:127-40. doi: 10.1016/j.brainres.2016.05.015

69. Sawai CM, Babovic S, Upadhaya S, Knapp D, Lavin Y, Lau CM, et al.
Hematopoietic stem cells are the major source of multilineage hematopoiesis in
adult animals. Immunity (2016) 45(3):597-609. doi: 10.1016/j.immuni.2016.08.007

70. Geering B, Stoeckle C, Conus S, Simon HU. Living and dying for inflammation:
neutrophils, eosinophils, basophils. Trends Immunol (2013) 34(8):398-409. doi:
10.1016/j.it.2013.04.002

71. Montecino-Rodriguez E, Berent-Maoz B, Dorshkind K. Causes, consequences,
and reversal of immune system aging. J Clin Invest (2013) 123(3):958-65. doi: 10.1172/
JCI64096

72. Ginhoux F, Jung S. Monocytes and macrophages: developmental pathways and
tissue homeostasis. Nat Rev Immunol (2014) 14(6):392-404. doi: 10.1038/nri3671

73. Lanza R, Atala A. Handbook of stem cells. Cambridge Massachusetts: Elsevier (2013).

74. Zheng W, Chung LM, Zhao H. Bias detection and correction in RNA-
sequencing data. BMC Bioinf (2011) 12:290. doi: 10.1186/1471-2105-12-290

75. Szyf M. The early life environment and the epigenome. Biochim Biophys Acta
(2009) 1790(9):878-85. doi: 10.1016/j.bbagen.2009.01.009

76. Doherty TS, Roth TL. Epigenetic landscapes of the adversity-exposed brain. Prog
Mol Biol Transl Sci (2018) 157:1-19. doi: 10.1016/bs.pmbts.2017.11.025

77. Zannas AS. Epigenetics as a key link between psychosocial stress and aging:
concepts, evidence, mechanisms. Dialogues Clin Neurosci (2019) 21(4):389-96. doi:
10.31887/DCNS.2019.21.4/azannas

78. Palma-Gudiel H, Fananas L, Horvath S, Zannas AS. Psychosocial stress and
epigenetic aging. Int Rev Neurobiol (2020) 150:107-28. doi: 10.1016/bs.irn.2019.10.020

frontiersin.org


https://doi.org/10.25353/ubtr-xxxx-03d5-efe3
https://doi.org/10.4049/jimmunol.1701082
https://doi.org/10.1017/S0954579419001147
https://doi.org/10.3389/fimmu.2017.01263
https://doi.org/10.1016/j.chiabu.2018.04.002
https://doi.org/10.1177/2167702617741381
https://doi.org/10.1146/annurev.publhealth.012809.103538
https://doi.org/10.1146/annurev.publhealth.012809.103538
https://doi.org/10.1016/j.exger.2021.111377
https://doi.org/10.1289/ehp.00108s3511
https://doi.org/10.1038/npp.2015.252
https://doi.org/10.1016/j.psyneuen.2008.08.013
https://doi.org/10.1146/annurev.neuro.24.1.1161
https://doi.org/10.1016/j.bbr.2016.07.039
https://doi.org/10.1210/endo.141.12.7949
https://doi.org/10.1016/j.neuroscience.2020.05.034
https://doi.org/10.1196/annals.1410.012
https://doi.org/10.1016/j.yfrne.2011.08.002
https://doi.org/10.1016/j.bbi.2019.01.001
https://doi.org/10.1017/S0954579416000055
https://doi.org/10.1016/j.psyneuen.2018.12.014
https://doi.org/10.1017/S0954579411000605
https://doi.org/10.1017/S0954579411000605
https://doi.org/10.3389/fimmu.2019.01591
https://doi.org/10.1101/2020.06.19.161653
https://doi.org/10.3389/fimmu.2021.674532
https://doi.org/10.3389/fnbeh.2018.00159
https://doi.org/10.1080/10253890.2019.1604666
https://doi.org/10.1007/7854_2019_89
https://doi.org/10.1016/j.biopsych.2015.05.017
https://doi.org/10.1128/AAC.38.1.7
https://doi.org/10.1111/j.1749-6632.1994.tb39641.x
https://doi.org/10.1016/j.tips.2004.10.007
https://doi.org/10.1038/nrrheum.2017.172
https://doi.org/10.1038/nrrheum.2017.172
https://doi.org/10.1016/j.socscimed.2021.113738
https://doi.org/10.1038/npjamd.2016.14
https://doi.org/10.1073/pnas.2006138117
https://doi.org/10.1016/j.stem.2018.03.015
https://doi.org/10.1006/dbio.1996.0090
https://doi.org/10.1016/0896-6273(94)90046-9
https://doi.org/10.1080/10253890.2021.1879787
https://doi.org/10.1080/10253890.2021.1879787
https://doi.org/10.1038/s41598-019-40868-0
https://doi.org/10.1016/j.brainres.2016.05.015
https://doi.org/10.1016/j.immuni.2016.08.007
https://doi.org/10.1016/j.it.2013.04.002
https://doi.org/10.1172/JCI64096
https://doi.org/10.1172/JCI64096
https://doi.org/10.1038/nri3671
https://doi.org/10.1186/1471-2105-12-290
https://doi.org/10.1016/j.bbagen.2009.01.009
https://doi.org/10.1016/bs.pmbts.2017.11.025
https://doi.org/10.31887/DCNS.2019.21.4/azannas
https://doi.org/10.1016/bs.irn.2019.10.020
https://doi.org/10.3389/fimmu.2023.1215544
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Mposhi and Turner

79. Brunson KL, Kramar E, Lin B, Chen Y, Colgin LL, Yanagihara TK, et al.
Mechanisms of late-onset cognitive decline after early-life stress. ] Neurosci (2005) 25
(41):9328-38. doi: 10.1523/JNEUROSCI.2281-05.2005

80. McClelland S, Korosi A, Cope J, Ivy A, Baram TZ. Emerging roles of epigenetic
mechanisms in the enduring effects of early-life stress and experience on learning and
memory. Neurobiol Learn Mem (2011) 96(1):79-88. doi: 10.1016/j.nlm.2011.02.008

81. Suri D, Bhattacharya A, Vaidya VA. Early stress evokes temporally distinct
consequences on the hippocampal transcriptome, anxiety and cognitive behaviour. Int |
Neuropsychopharmacol (2014) 17(2):289-301. doi: 10.1017/S1461145713001004

82. Suri D, Vaidya VA. Glucocorticoid regulation of brain-derived neurotrophic
factor: relevance to hippocampal structural and functional plasticity. Neuroscience
(2013) 239:196-213. doi: 10.1016/j.neuroscience.2012.08.065

83. Short AK, Maras PM, Pham AL, Ivy AS, Baram TZ. Blocking CRH receptors in
adults mitigates age-related memory impairments provoked by early-life adversity.
Neuropsychopharmacology (2020) 45(3):515-23. doi: 10.1038/s41386-019-0562-x

84. Parel ST, Pena CJ. Genome-wide signatures of early-life stress: influence of sex.
Biol Psychiatry (2022) 91(1):36-42. doi: 10.1016/j.biopsych.2020.12.010

85. Cao-Lei L, Leija SC, Kumsta R, Wust S, Meyer J, Turner JD, et al.
Transcriptional control of the human glucocorticoid receptor: identification and
analysis of alternative promoter regions. Hum Genet (2011) 129(5):533-43. doi:
10.1007/500439-011-0949-1

86. Cao-Lei L, Suwansirikul S, Jutavijittum P, Meriaux SB, Turner JD, Muller CP.
Glucocorticoid receptor gene expression and promoter CpG modifications throughout
the human brain. J Psychiatr Res (2013) 47(11):1597-607. doi: 10.1016/
j.jpsychires.2013.07.022

87. Leenen FA, Vernocchi S, Hunewald OE, Schmitz S, Molitor AM, Muller CP,
et al. Where does transcription start? 5-RACE adapted to next-generation sequencing.
Nucleic Acids Res (2016) 44(6):2628-45. doi: 10.1093/nar/gkv1328

88. Li-Tempel T, Larra MF, Sandt E, Meriaux SB, Schote AB, Schachinger H, et al.
The cardiovascular and hypothalamus-pituitary-adrenal axis response to stress is
controlled by glucocorticoid receptor sequence variants and promoter methylation.
Clin Epigenetics (2016) 8:12. doi: 10.1186/s13148-016-0180-y

89. Turner JD, Alt SR, Cao L, Vernocchi S, Trifonova S, Battello N, et al.
Transcriptional control of the glucocorticoid receptor: CpG islands, epigenetics and
more. Biochem Pharmacol (2010) 80(12):1860-8. doi: 10.1016/j.bcp.2010.06.037

90. Turner JD, Muller CP. Structure of the glucocorticoid receptor (NR3C1) gene 5’
untranslated region: identification, and tissue distribution of multiple new human exon
1. ] Mol Endocrinol (2005) 35(2):283-92. doi: 10.1677/jme.1.01822

91. Turner JD, Vernocchi S, Schmitz S, Muller CP. Role of the 5’-untranslated
regions in post-transcriptional regulation of the human glucocorticoid receptor.
Biochim Biophys Acta (2014) 1839(11):1051-61. doi: 10.1016/j.bbagrm.2014.08.010

92. Vernocchi S, Battello N, Schmitz S, Revets D, Billing AM, Turner JD, et al.
Membrane glucocorticoid receptor activation induces proteomic changes aligning with
classical glucocorticoid effects. Mol Cell proteomics: MCP (2013) 12(7):1764-79. doi:
10.1074/mcp.M112.022947

93. Kosten TA, Nielsen DA. Litter and sex effects on maternal behavior and DNA
methylation of the Nr3c1 exon 17 promoter gene in hippocampus and cerebellum. Int
Dev Neurosci (2014) 36:5-12. doi: 10.1016/j.ijdevneu.2014.03.010

94. Weaver IC, Cervoni N, Champagne FA, D’Alessio AC, Sharma S, Seckl JR, et al.
Epigenetic programming by maternal behavior. Nat Neurosci (2004) 7(8):847-54. doi:
10.1038/nn1276

95. Armstrong DA, Lesseur C, Conradt E, Lester BM, Marsit CJ. Global and gene-
specific DNA methylation across multiple tissues in early infancy: implications for
children’s health research. FASEB J (2014) 28(5):2088-97. doi: 10.1096/1j.13-238402

96. Zhang TY, Labonte B, Wen XL, Turecki G, Meaney MJ. Epigenetic mechanisms
for the early environmental regulation of hippocampal glucocorticoid receptor gene
expression in rodents and humans. Neuropsychopharmacology (2013) 38(1):111-23.
doi: 10.1038/npp.2012.149

97. Tyrka AR, Ridout KK, Parade SH. Childhood adversity and epigenetic
regulation of glucocorticoid signaling genes: associations in children and adults. Dev
Psychopathol (2016) 28(4pt2):1319-31. doi: 10.1017/80954579416000870

98. Oberlander TF, Weinberg J, Papsdorf M, Grunau R, Misri S, Devlin AM.
Prenatal exposure to maternal depression, neonatal methylation of human
glucocorticoid receptor gene (NR3C1) and infant cortisol stress responses.
Epigenetics (2008) 3(2):97-106. doi: 10.4161/epi.3.2.6034

99. Braithwaite EC, Kundakovic M, Ramchandani PG, Murphy SE, Champagne FA.
Maternal prenatal depressive symptoms predict infant NR3C1 1F and BDNF IV DNA
methylation. Epigenetics (2015) 10(5):408-17. doi: 10.1080/15592294.2015.1039221

100. Conradt E, Lester BM, Appleton AA, Armstrong DA, Marsit CJ. The roles of DNA
methylation of NR3C1 and 11beta-HSD2 and exposure to maternal mood disorder in utero
on newborn neurobehavior. Epigenetics (2013) 8(12):1321-9. doi: 10.4161/epi.26634

101. Kertes DA, Kamin HS, Hughes DA, Rodney NC, Bhatt S, Mulligan CJ. Prenatal
maternal stress predicts methylation of genes regulating the hypothalamic-Pituitary-
Adrenocortical system in mothers and newborns in the democratic republic of Congo.
Child Dev (2016) 87(1):61-72. doi: 10.1111/cdev.12487

102. Nazzari S, Grumi S, Mambretti F, Villa M, Giorda R, Provenzi L, et al. Maternal
and infant NR3C1 and SLC6A4 epigenetic signatures of the COVID-19 pandemic

Frontiers in Immunology

14

10.3389/fimmu.2023.1215544

lockdown: when timing matters. Transl Psychiatry (2022) 12(1):386. doi: 10.1038/
541398-022-02160-0

103. Tyrka AR, Parade SH, Eslinger NM, Marsit CJ, Lesseur C, Armstrong DA, et al.
Methylation of exons 1D, 1F, and 1H of the glucocorticoid receptor gene promoter and
exposure to adversity in preschool-aged children. Dev Psychopathol (2015) 27(2):577-
85. doi: 10.1017/S0954579415000176

104. Romens SE, McDonald ], Svaren J, Pollak SD. Associations between early life
stress and gene methylation in children. Child Dev (2015) 86(1):303-9. doi: 10.1111/
cdev.12270

105. Tyrka AR, Price LH, Marsit C, Walters OC, Carpenter LL. Childhood adversity
and epigenetic modulation of the leukocyte glucocorticoid receptor: preliminary
findings in healthy adults. PloS One (2012) 7(1):e30148. doi: 10.1371/
journal.pone.0030148

106. Palma-Gudiel H, Cordova-Palomera A, Leza JC, Fananas L. Glucocorticoid
receptor gene (NR3C1) methylation processes as mediators of early adversity in stress-
related disorders causality: a critical review. Neurosci Biobehav Rev (2015) 55:520-35.
doi: 10.1016/j.neubiorev.2015.05.016

107. Dammann G, Teschler S, Haag T, Altmuller F, Tuczek F, Dammann RH.
Increased DNA methylation of neuropsychiatric genes occurs in borderline personality
disorder. Epigenetics (2011) 6(12):1454-62. doi: 10.4161/epi.6.12.18363

108. Martin-Blanco A, Ferrer M, Soler J, Salazar ], Vega D, Andion O, et al.
Association between methylation of the glucocorticoid receptor gene, childhood
maltreatment, and clinical severity in borderline personality disorder. J Psychiatr Res
(2014) 57:34-40. doi: 10.1016/j.jpsychires.2014.06.011

109. Leenen FA, Muller CP, Turner JD. DNA Methylation: conducting the orchestra
from exposure to phenotype? Clin Epigenet (2016) 8(1):92. doi: 10.1186/s13148-016-0256-8

110. Mourtzi N, Sertedaki A, Charmandari E. Glucocorticoid signaling and
epigenetic alterations in stress-related disorders. Int J Mol Sci (2021) 22(11):5964.
doi: 10.3390/ijms22115964

111. Duffy HBD, Roth TL. Increases in bdnf DNA methylation in the prefrontal
cortex following aversive caregiving are reflected in blood tissue. Front Hum Neurosci
(2020) 14:594244. doi: 10.3389/fnhum.2020.594244

112. Daskalakis NP, De Kloet ER, Yehuda R, Malaspina D, Kranz TM. Early life
stress effects on glucocorticoid-BDNF interplay in the hippocampus. Front Mol
Neurosci (2015) 8:68. doi: 10.3389/fnmol.2015.00068

113. Manoli I, Alesci S, Blackman MR, Su YA, Rennert OM, Chrousos GP.
Mitochondria as key components of the stress response. Trends Endocrinol Metab
(2007) 18(5):190-8. doi: 10.1016/j.tem.2007.04.004

114. Byun HM, Panni T, Motta V, Hou L, Nordio F, Apostoli P, et al. Effects of
airborne pollutants on mitochondrial DNA methylation. Part Fibre Toxicol (2013)
10:18. doi: 10.1186/1743-8977-10-18

115. Byun HM, Colicino E, Trevisi L, Fan T, Christiani DC, Baccarelli AA. Effects of
air pollution and blood mitochondrial DNA methylation on markers of heart rate
variability. ] Am Heart Assoc (2016) 5(4):¢003218. doi: 10.1161/JAHA.116.003218

116. Daniels TE, Olsen EM, Tyrka AR. Stress and psychiatric disorders: the role of
mitochondria. Annu Rev Clin Psychol (2020) 16:165-86. doi: 10.1146/annurev-clinpsy-
082719-104030

117. Hunter RG, Seligsohn M, Rubin TG, Griffiths BB, Ozdemir Y, Pfaff DW, et al.
Stress and corticosteroids regulate rat hippocampal mitochondrial DNA gene
expression via the glucocorticoid receptor. Proc Natl Acad Sci U S A (2016) 113
(32):9099-104. doi: 10.1073/pnas.1602185113

118. Tsiriyotis C, Spandidos DA, Sekeris CE. The mitochondrion as a primary site
of action of glucocorticoids: mitochondrial nucleotide sequences, showing similarity to
hormone response elements, confer dexamethasone inducibility to chimaeric genes
transfected in LATK- cells. Biochem Biophys Res Commun (1997) 235(2):349-54. doi:
10.1006/bbrc.1997.6787

119. Demonacos C, Djordjevic-Markovic R, Tsawdaroglou N, Sekeris CE. The
mitochondrion as a primary site of action of glucocorticoids: the interaction of the
glucocorticoid receptor with mitochondrial DNA sequences showing partial similarity
to the nuclear glucocorticoid responsive elements. J Steroid Biochem Mol Biol (1995) 55
(1):43-55. doi: 10.1016/0960-0760(95)00159-W

120. Kotrys AV, Szczesny R]. Mitochondrial gene expression and beyond-novel
aspects of cellular physiology. Cells (2019) 9(1):17. doi: 10.3390/cells9010017

121. Stoccoro A, Coppede F. Mitochondrial DNA methylation and human diseases.
Int J Mol Sci (2021) 22(9):4594. doi: 10.3390/ijms22094594

122. Mposhi A, Liang L, Mennega KP, Yildiz D, Kampert C, Hof IH, et al. The
mitochondrial epigenome: an unexplored avenue to explain unexplained myopathies?
Int ] Mol Sci (2022) 23(4):2197. doi: 10.3390/ijms23042197

123. Cheng A, Wan R, Yang JL, Kamimura N, Son TG, Ouyang X, et al.
Involvement of PGC-1alpha in the formation and maintenance of neuronal dendritic
spines. Nat Commun (2012) 3:1250. doi: 10.1038/ncomms2238

124. Blackburn EH. Telomeres and telomerase: their mechanisms of action and the
effects of altering their functions. FEBS Lett (2005) 579(4):859-62. doi: 10.1016/
j.febslet.2004.11.036

125. Chatterjee N, Walker GC. Mechanisms of DNA damage, repair, and
mutagenesis. Environ Mol Mutagen (2017) 58(5):235-63. doi: 10.1002/em.22087

frontiersin.org


https://doi.org/10.1523/JNEUROSCI.2281-05.2005
https://doi.org/10.1016/j.nlm.2011.02.008
https://doi.org/10.1017/S1461145713001004
https://doi.org/10.1016/j.neuroscience.2012.08.065
https://doi.org/10.1038/s41386-019-0562-x
https://doi.org/10.1016/j.biopsych.2020.12.010
https://doi.org/10.1007/s00439-011-0949-1
https://doi.org/10.1016/j.jpsychires.2013.07.022
https://doi.org/10.1016/j.jpsychires.2013.07.022
https://doi.org/10.1093/nar/gkv1328
https://doi.org/10.1186/s13148-016-0180-y
https://doi.org/10.1016/j.bcp.2010.06.037
https://doi.org/10.1677/jme.1.01822
https://doi.org/10.1016/j.bbagrm.2014.08.010
https://doi.org/10.1074/mcp.M112.022947
https://doi.org/10.1016/j.ijdevneu.2014.03.010
https://doi.org/10.1038/nn1276
https://doi.org/10.1096/fj.13-238402
https://doi.org/10.1038/npp.2012.149
https://doi.org/10.1017/S0954579416000870
https://doi.org/10.4161/epi.3.2.6034
https://doi.org/10.1080/15592294.2015.1039221
https://doi.org/10.4161/epi.26634
https://doi.org/10.1111/cdev.12487
https://doi.org/10.1038/s41398-022-02160-0
https://doi.org/10.1038/s41398-022-02160-0
https://doi.org/10.1017/S0954579415000176
https://doi.org/10.1111/cdev.12270
https://doi.org/10.1111/cdev.12270
https://doi.org/10.1371/journal.pone.0030148
https://doi.org/10.1371/journal.pone.0030148
https://doi.org/10.1016/j.neubiorev.2015.05.016
https://doi.org/10.4161/epi.6.12.18363
https://doi.org/10.1016/j.jpsychires.2014.06.011
https://doi.org/10.1186/s13148-016-0256-8
https://doi.org/10.3390/ijms22115964
https://doi.org/10.3389/fnhum.2020.594244
https://doi.org/10.3389/fnmol.2015.00068
https://doi.org/10.1016/j.tem.2007.04.004
https://doi.org/10.1186/1743-8977-10-18
https://doi.org/10.1161/JAHA.116.003218
https://doi.org/10.1146/annurev-clinpsy-082719-104030
https://doi.org/10.1146/annurev-clinpsy-082719-104030
https://doi.org/10.1073/pnas.1602185113
https://doi.org/10.1006/bbrc.1997.6787
https://doi.org/10.1016/0960-0760(95)00159-W
https://doi.org/10.3390/cells9010017
https://doi.org/10.3390/ijms22094594
https://doi.org/10.3390/ijms23042197
https://doi.org/10.1038/ncomms2238
https://doi.org/10.1016/j.febslet.2004.11.036
https://doi.org/10.1016/j.febslet.2004.11.036
https://doi.org/10.1002/em.22087
https://doi.org/10.3389/fimmu.2023.1215544
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Mposhi and Turner

126. Masutomi K, Possemato R, Wong JM, Currier JL, Tothova Z, Manola JB, et al. The
telomerase reverse transcriptase regulates chromatin state and DNA damage responses. Proc
Natl Acad Sci U S A (2005) 102(23):8222-7. doi: 10.1073/pnas.0503095102

127. Sobinoff AP, Pickett HA. Alternative lengthening of telomeres: DNA repair
pathways converge. Trends Genet (2017) 33(12):921-32. doi: 10.1016/j.tig.2017.09.003

128. Entringer S, de Punder K, Buss C, Wadhwa PD. The fetal programming of
telomere biology hypothesis: an update. Philos Trans R Soc Lond B Biol Sci (2018) 373
(1741):20170151. doi: 10.1098/rstb.2017.0151

129. Lazarides C, Epel ES, Lin ], Blackburn EH, Voelkle MC, Buss C, et al. Maternal pro-
inflammatory state during pregnancy and newborn leukocyte telomere length: a prospective
investigation. Brain Behav Immun (2019) 80:419-26. doi: 10.1016/j.bbi.2019.04.021

130. Morath J, Moreno-Villanueva M, Hamuni G, Kolassa S, Ruf-Leuschner M, Schauer
M, et al. Effects of psychotherapy on DNA strand break accumulation originating from
traumatic stress. Psychother Psychosom (2014) 83(5):289-97. doi: 10.1159/000362739

131. Sharpless NE, DePinho RA. How stem cells age and why this makes us grow
old. Nat Rev Mol Cell Biol (2007) 8(9):703-13. doi: 10.1038/nrm2241

132. Pucci F, Gardano L, Harrington L. Short telomeres in ESCs lead to unstable
differentiation. Cell Stem Cell (2013) 12(4):479-86. doi: 10.1016/j.stem.2013.01.018

133. Criqui M, Qamra A, Chu TW, Sharma M, Tsao J, Henry DA, et al. Telomere
dysfunction cooperates with epigenetic alterations to impair murine embryonic stem
cell fate commitment. Elife (2020) 9:e47333. doi: 10.7554/eLife.47333

134. Sahin E, Depinho RA. Linking functional decline of telomeres, mitochondria and
stem cells during ageing. Nature (2010) 464(7288):520-8. doi: 10.1038/nature08982

135. Sahin E, Colla S, Liesa M, Moslehi J, Miiller FL, Guo M, et al. Telomere
dysfunction induces metabolic and mitochondrial compromise. Nature (2011) 470
(7334):359-65. doi: 10.1038/nature09787

136. Moreli JB, Santos JH, Lorenzon-Ojea AR, Correa-Silva S, Fortunato RS, Rocha
CR, et al. Hyperglycemia differentially affects maternal and fetal DNA integrity and
DNA damage response. Int ] Biol Sci (2016) 12(4):466-77. doi: 10.7150/ijbs.12815

137. Da Correggio KS, Silveira SK, May Feuerschuette OH, Maraslis FT, Pinheiro K,
Machado MyJ, et al. DNA Damage analysis in newborns and their mothers related to pregnancy
and delivery characteristics. Placenta (2021) 115:139-45. doi: 10.1016/j.placenta.2021.09.019

138. Liu C, Hao S, Zhu M, Wang Y, Zhang T, Yang Z. Maternal separation induces
different autophagic responses in the hippocampus and prefrontal cortex of adult rats.
Neuroscience (2018) 374:287-94. doi: 10.1016/j.neuroscience.2018.01.043

139. Saulnier R], Best C, Kostyniuk DJ, Gilmour KM, Lamarre SG. Chronic social
stress alters protein metabolism in juvenile rainbow trout, oncorhynchus mykiss. J
Comp Physiol B (2021) 191(3):517-30. doi: 10.1007/s00360-021-01340-6

140. Sierra-Fonseca JA, Hamdan JN, Cohen AA, Cardenas SM, Saucedo SJr.,
Lodoza GA, et al. Neonatal maternal separation modifies proteostasis marker
expression in the adult hippocampus. Front Mol Neurosci (2021) 14:661993. doi:
10.3389/fnmol.2021.661993

141. Lesuis SL, Weggen S, Baches S, Lucassen PJ, Krugers HJ. Targeting
glucocorticoid receptors prevents the effects of early life stress on amyloid pathology
and cognitive performance in APP/PS1 mice. Transl Psychiatry (2018) 8(1):53. doi:
10.1038/541398-018-0101-2

142. Audesse AJ, Dhakal S, Hassell LA, Gardell Z, Nemtsova Y, Webb AE. FOXO3
directly regulates an autophagy network to functionally regulate proteostasis in adult
neural stem cells. PloS Genet (2019) 15(4):e1008097. doi: 10.1371/journal.pgen.1008097

143. Aschbacher K, Hagan M, Steine IM, Rivera L, Cole S, Baccarella A, et al.
Adversity in early life and pregnancy are immunologically distinct from total life
adversity: macrophage-associated phenotypes in women exposed to interpersonal
violence. Transl Psychiatry (2021) 11(1):391. doi: 10.1038/s41398-021-01498-1

144. Alwarawrah Y, Kiernan K, Maclver NJ. Changes in nutritional status impact immune
cell metabolism and function. Front Immunol (2018) 9:1055. doi: 10.3389/fimmu.2018.01055

145. Hosomi K, Kunisawa J. Diversity of energy metabolism in immune responses
regulated by micro-organisms and dietary nutrition. Int Immunol (2020) 32(7):447-54.
doi: 10.1093/intimm/dxaa020

146. Reid BM, Horne R, Donzella B, Szamosi JC, Coe CL, Foster JA, et al.
Microbiota-immune alterations in adolescents following early life adversity: a proof
of concept study. Dev Psychobiol (2021) 63(5):851-63. doi: 10.1002/dev.22061

147. Charalambous EG, Meriaux SB, Guebels P, Muller CP, Leenen FAD,
Elwenspoek MMC, et al. Early-life adversity leaves its imprint on the oral
microbiome for more than 20 years and is associated with long-term immune
changes. Int ] Mol Sci (2021) 22(23):12682. doi: 10.3390/ijms222312682

148. Conway J, Certo M, Lord JM, Mauro C, Duggal NA. Understanding the role of host
metabolites in the induction of immune senescence: future strategies for keeping the ageing
population healthy. Br ] Pharmacol (2022) 179(9):1808-24. doi: 10.1111/bph.15671

149. Newsholme P. Why is I-glutamine metabolism important to cells of the
immune system in health, postinjury, surgery or infection? J Nutr (2001) 131(9
Suppl):2515S-228; discussion 23S-4S. doi: 10.1093/jn/131.9.2515S

150. Jha AK, Huang SC, Sergushichev A, Lampropoulou V, Ivanova Y, Loginicheva
E, et al. Network integration of parallel metabolic and transcriptional data reveals
metabolic modules that regulate macrophage polarization. Immunity (2015) 42(3):419-
30. doi: 10.1016/j.immuni.2015.02.005

Frontiers in Immunology

10.3389/fimmu.2023.1215544

151. Palmieri EM, Menga A, Lebrun A, Hooper DC, Butterfield DA, Mazzone M,
et al. Blockade of glutamine synthetase enhances inflammatory response in microglial
cells. Antioxid Redox Signal (2017) 26(8):351-63. doi: 10.1089/ars.2016.6715

152. Choi BS, Martinez-Falero IC, Corset C, Munder M, Modolell M, Muller 1, et al.
Differential impact of I-arginine deprivation on the activation and effector functions of
T cells and macrophages. J Leukoc Biol (2009) 85(2):268-77. doi: 10.1189/j1b.0508310

153. Tarasenko TN, Gomez-Rodriguez J, McGuire PJ. Impaired T cell function in
argininosuccinate synthetase deficiency. J Leukoc Biol (2015) 97(2):273-8. doi: 10.1189/
jlb.1AB0714-365R

154. Reid B, Danese A. Challenges in researching the immune pathways between
early life adversity and psychopathology. Dev Psychopathol (2020) 32(5):1597-624. doi:
10.1017/50954579420001157

155. Suchdev PS, Boivin M]J, Forsyth BW, Georgieft MK, Guerrant RL, Nelson
CA3rd. Assessment of neurodevelopment, nutrition, and inflammation from fetal life
to adolescence in low-resource settings. Pediatrics (2017) 139(Suppl 1):523-37. doi:
10.1542/peds.2016-2828E

156. Reid BM, East P, Blanco E, Doom JR, Burrows RA, Correa-Burrows P, et al.
Early-life adversity is associated with poor iron status in infancy. Dev Psychopathol
(2022), 1-12. doi: 10.1017/S0954579422000517

157. Stevens GA, Finucane MM, De-Regil LM, Paciorek CJ, Flaxman SR, Branca F,
et al. Global, regional, and national trends in haemoglobin concentration and
prevalence of total and severe anaemia in children and pregnant and non-pregnant
women for 1995-2011: a systematic analysis of population-representative data. Lancet
Glob Health (2013) 1(1):e16-25. doi: 10.1016/52214-109X(13)70001-9

158. Coe CL, Lubach GR, Shirtcliff EA. Maternal stress during pregnancy
predisposes for iron deficiency in infant monkeys impacting innate immunity.
Pediatr Res (2007) 61(5 Pt 1):520-4. doi: 10.1203/pdr.0b013e318045be53

159. Reid BM, Doom JR, Argote RB, Correa-Burrows P, Lozoff B, Blanco E, et al.
Pathways to inflammation in adolescence through early adversity, childhood depressive
symptoms, and body mass index: a prospective longitudinal study of Chilean infants.
Brain Behav Immun (2020) 86:4-13. doi: 10.1016/j.bbi.2019.06.003

160. Lozoff B, Georgieff MK. Iron deficiency and brain development. Semin Pediatr
Neurol (2006) 13(3):158-65. doi: 10.1016/j.spen.2006.08.004

161. Espinoza MB, Aedo JE, Zuloaga R, Valenzuela C, Molina A, Valdes JA. Cortisol
induces reactive oxygen species through a membrane glucocorticoid receptor in
rainbow trout myotubes. J Cell Biochem (2017) 118(4):718-25. doi: 10.1002/jcb.25676

162. Bobba-Alves N, Juster RP, Picard M. The energetic cost of allostasis and
allostatic load. Psychoneuroendocrinology (2022) 146:105951. doi: 10.1016/
j.psyneuen.2022.105951

163. Picard M, McEwen BS. Psychological stress and mitochondria: a conceptual
framework. Psychosom Med (2018) 80(2):126-40. doi: 10.1097/PSY.0000000000000544

164. Mittal M, Siddiqui MR, Tran K, Reddy SP, Malik AB. Reactive oxygen species
in inflammation and tissue injury. Antioxid Redox Signal (2014) 20(7):1126-67. doi:
10.1089/ars.2012.5149

165. Golbidi S, Laher I. Antioxidant therapy in human endocrine disorders. Med Sci
Monit (2010) 16(1):RA9-24. doi: 10.12659/MSM.941209

166. Savini I, Catani MV, Evangelista D, Gasperi V, Avigliano L. Obesity-associated
oxidative stress: strategies finalized to improve redox state. Int | Mol Sci (2013) 14
(5):10497-538. doi: 10.3390/ijms140510497

167. Morganti C, Cabezas-Wallscheid N, Ito K. Metabolic regulation of hematopoietic
stem cells. Hemasphere (2022) 6(7):e740. doi: 10.1097/HS9.0000000000000740

168. Zheng X, Boyer L, Jin M, Mertens J, Kim Y, Ma L, et al. Metabolic
reprogramming during neuronal differentiation from aerobic glycolysis to neuronal
oxidative phosphorylation. Elife (2016) 5:e13374. doi: 10.7554/eLife.13374

169. McLaughlin KA, Sheridan MA, Humphreys KL, Belsky J, Ellis B]. The value of
dimensional models of early experience: thinking clearly about concepts and categories.
Perspect Psychol Sci (2021) 16(6):1463-72. doi: 10.1177/1745691621992346

170. Berman IS, McLaughlin KA, Tottenham N, Godfrey K, Seeman T, Loucks E,
et al. Measuring early life adversity: a dimensional approach. Dev Psychopathol (2022)
34(2):499-511. doi: 10.1017/50954579421001826

171. McLaughlin KA, Sheridan MA. Beyond cumulative risk: a dimensional
approach to childhood adversity. Curr Dir Psychol Sci (2016) 25(4):239-45. doi:
10.1177/0963721416655883

172. Salhi C, Beatriz E, McBain R, McCoy D, Sheridan M, Fink G. Physical
discipline, deprivation, and differential risk of developmental delay across 17
countries. ] Am Acad Child Adolesc Psychiatry (2021) 60(2):296-306. doi: 10.1016/
jjaac.2020.02.016

173. Schonberger K, Obier N, Romero-Mulero MC, Cauchy P, Mess ], Pavlovich
PV, et al. Multilayer omics analysis reveals a non-classical retinoic acid signaling axis
that regulates hematopoietic stem cell identity. Cell Stem Cell (2022) 29(1):131-48 ¢10.
doi: 10.1016/j.stem.2021.10.002

174. Wu HC, Rerolle D, Berthier C, Hleihel R, Sakamoto T, Quentin S, et al.
Actinomycin d targets NPMlc-primed mitochondria to restore PML-driven
senescence in AML therapy. Cancer Discovery (2021) 11(12):3198-213. doi: 10.1158/
2159-8290.CD-21-0177

frontiersin.org


https://doi.org/10.1073/pnas.0503095102
https://doi.org/10.1016/j.tig.2017.09.003
https://doi.org/10.1098/rstb.2017.0151
https://doi.org/10.1016/j.bbi.2019.04.021
https://doi.org/10.1159/000362739
https://doi.org/10.1038/nrm2241
https://doi.org/10.1016/j.stem.2013.01.018
https://doi.org/10.7554/eLife.47333
https://doi.org/10.1038/nature08982
https://doi.org/10.1038/nature09787
https://doi.org/10.7150/ijbs.12815
https://doi.org/10.1016/j.placenta.2021.09.019
https://doi.org/10.1016/j.neuroscience.2018.01.043
https://doi.org/10.1007/s00360-021-01340-6
https://doi.org/10.3389/fnmol.2021.661993
https://doi.org/10.1038/s41398-018-0101-2
https://doi.org/10.1371/journal.pgen.1008097
https://doi.org/10.1038/s41398-021-01498-1
https://doi.org/10.3389/fimmu.2018.01055
https://doi.org/10.1093/intimm/dxaa020
https://doi.org/10.1002/dev.22061
https://doi.org/10.3390/ijms222312682
https://doi.org/10.1111/bph.15671
https://doi.org/10.1093/jn/131.9.2515S
https://doi.org/10.1016/j.immuni.2015.02.005
https://doi.org/10.1089/ars.2016.6715
https://doi.org/10.1189/jlb.0508310
https://doi.org/10.1189/jlb.1AB0714-365R
https://doi.org/10.1189/jlb.1AB0714-365R
https://doi.org/10.1017/S0954579420001157
https://doi.org/10.1542/peds.2016-2828E
https://doi.org/10.1017/S0954579422000517
https://doi.org/10.1016/S2214-109X(13)70001-9
https://doi.org/10.1203/pdr.0b013e318045be53
https://doi.org/10.1016/j.bbi.2019.06.003
https://doi.org/10.1016/j.spen.2006.08.004
https://doi.org/10.1002/jcb.25676
https://doi.org/10.1016/j.psyneuen.2022.105951
https://doi.org/10.1016/j.psyneuen.2022.105951
https://doi.org/10.1097/PSY.0000000000000544
https://doi.org/10.1089/ars.2012.5149
https://doi.org/10.12659/MSM.941209
https://doi.org/10.3390/ijms140510497
https://doi.org/10.1097/HS9.0000000000000740
https://doi.org/10.7554/eLife.13374
https://doi.org/10.1177/1745691621992346
https://doi.org/10.1017/S0954579421001826
https://doi.org/10.1177/0963721416655883
https://doi.org/10.1016/j.jaac.2020.02.016
https://doi.org/10.1016/j.jaac.2020.02.016
https://doi.org/10.1016/j.stem.2021.10.002
https://doi.org/10.1158/2159-8290.CD-21-0177
https://doi.org/10.1158/2159-8290.CD-21-0177
https://doi.org/10.3389/fimmu.2023.1215544
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	How can early life adversity still exert an effect decades later? A question of timing, tissues and mechanisms
	1 Introduction
	2 Hallmarks of embedding: the brain and the immune system
	3 Lifelong programming in the brain and immune system
	4 Mechanisms
	4.1 Regulation of gene transcription
	4.1.1 ELA and glucocorticoid receptor methylation
	4.1.2 ELA and BDNF methylation
	4.1.3 BDNF and GR transcription effects influence mitochondria

	4.2 Telomeres, DNA repair and genomic stability
	4.3 Impaired autophagy and proteostasis
	4.4 Metabolic regulation
	4.4.1 Nutrient metabolism
	4.4.2 Mitochondrial metabolism and Intracellular stressors (ROS)


	5 Moving away from brain-specific models to more holistic models of the effects of ELA
	Data availability statement
	Author contributions
	Funding
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


