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How do adverse childhood experiences get ‘under the skin’ and influence health outcomes through the life-
course? Research reviewed here suggests that adverse childhood experiences are associated with changes in bi-
ological systems responsible formaintaining physiological stability through environmental changes, or allostasis.
Children exposed tomaltreatment showed smaller volume of the prefrontal cortex, greater activation of the HPA
axis, and elevation in inflammation levels compared to non-maltreated children. Adults with a history of child-
hood maltreatment showed smaller volume of the prefrontal cortex and hippocampus, greater activation of the
HPA axis, and elevation in inflammation levels compared to non-maltreated individuals. Despite the clear limi-
tations in making longitudinal claims from cross-sectional studies, work so far suggests that adverse childhood
experiences are associated with enduring changes in the nervous, endocrine, and immune systems. These
changes are already observable in childhood years and remain apparent in adult life. Adverse childhood experi-
ences induce significant biological changes in children (biological embedding), modifying the maturation and
the operating balance of allostatic systems. Their chronic activation can lead to progressivewear and tear, or allo-
static load and overload, and, thus, can exert long-term effects on biological aging and health.
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In the past two decades, the concepts of allostasis and allostatic load
[1] have provided researchers with a powerful framework to study both
the protective effects of stress mediators during acute stress exposure
and the damaging effects of stressmediators during chronic or repeated
stress exposure. These concepts have been applied to the study of aging
and of socioeconomic inequalities in health [2–4]. In this review,wewill
argue that these concepts could also be broadened to promote the un-
derstanding of the short-term and the long-term consequences of
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adverse childhood experiences. The application of these concepts to the
study of stress in childhood includes attention to the biological changes
associated with adverse psychosocial experiences in children as well as
to the progressive and cumulative wear and tear that is the essence of
allostatic load and of its more extreme form, namely allostatic overload
[5]. Before addressing early life adversity, we shall provide an overview
of the allostatic load/overload concept that represents the cost of the
continual adjustment of the internal milieu required by the organism
to adapt to environmental, social and personal challenges, often re-
ferred to as stressors.

1. Allostasis

Life ismade possible by the relative stability of key physiological var-
iables, such as body temperature, energy balance, and blood composi-
tion (homeostasis) [6]. This is testified by the narrow variations in
these variables that are compatible with life. However, because animals
are open biological systems constantly interacting with the environ-
ment, the stability of these key physiological variables is threatened
by changing environmental conditions.

In order to maximize survival, biological processes have likely been
shaped by evolution to maintain stability through changes (allostasis)
[7]. Allostasis relies upon the ability to detect environmental (external)
and physiological (internal) changes, and to activate specialized adaptive
responses. Three highly-integrated systems, namely the nervous, the en-
docrine, and the immune systems, have this ability and, thus, mediate
allostatic processes.

Because the nervous, the endocrine, and the immune systems are
highly integrated, stimulation of one allostatic system commonly trig-
gers pleiotropic responses in all allostatic systems. For example, patho-
gen infection is a key stimulus for the activation of the immune system,
which prevents the spread of infection and promotes tissue repair [8].
Because of the activation of the immune system, pathogen infection
may also trigger metabolic responses, such as the induction of insulin
resistance, in order to divert energy fromanabolic to catabolic pathways
[9]. Indeed, the energy demand of the activated immune response has
been causally related to themetabolic syndrome [10]. Furthermore, be-
cause of the activation of the immune system, pathogen infection may
also trigger behavioral responses, such as hypersomnia, reduced
motor activity, and reduced social interaction (i.e., sickness behavior),
in order to prevent heat dispersion [11] and to conserve energy for
the immune defense [10].

The close integration among allostatic systems is also manifested
during the response to psychosocial stress [12]. Psychosocial stressors
are detected through a neurobiological network including the thala-
mus, the sensory cortex, and the amygdala, which has evolved to
identify environmental threats for survival [13]. The firing of the
amygdala is moderated by two key inhibitory influences. The hippo-
campus exerts inhibitory control over amygdala activity based on
learning processes and memory of previous experiences. The prefron-
tal cortex exerts inhibitory control over amygdala activity based on
executive functions, such as attention and meta-cognition. Therefore,
the amygdala, the hippocampus, and the prefrontal cortex form a net-
work of brain areas involved in detecting environmental threats [14].
In response to psychosocial stressors, the amygdala triggers firing in
the locus coeruleus, which increases alertness and attention to the
environment, and induces a bodily response through the activation
of the sympathetic nervous system (the “fight or flight response”).
Because of the activation of the sympathetic nervous system, psycho-
social stress also triggers inflammation [15], an immune response
that could prevent pathogen infection should tissue damage occur.
Furthermore, in response to psychosocial stressors the amygdala trig-
gers firing in the paraventricular nucleus of the hypothalamus [16] in-
ducing the neuroendocrine response to stress. The stimulation of the
hypothalamic–pituitary–adrenal (HPA) axis under stress [17,18] first
supports the increased metabolic demands by mobilizing stored
energy and then concurs with the parasympathetic nervous system
in terminating the physiological arousal. Each of the mediators of
allostasis interacts with other mediators in a complex non-linear
fashion showing biphasic effects depending on the level and duration
of activation [19].

These findings suggest that highly-integrated allostatic systems,
namely the nervous, the endocrine, and the immune systems, pro-
mote short-term adaptation in the face of environmental challenges.
However, the enduring activation of the allostatic systems may have
detrimental consequences.

2. Allostatic load

Chronic or repeated exposure to psychosocial stressors has been
linked to prolonged activation of the allostatic systems, with detri-
mental physiological consequences — allostatic load, and its more se-
vere form, allostatic overload [5,12].

In the nervous system, the chronic exposure to psychosocial
stressors leads to structural and functional abnormalities in stress-
sensitive regions, such as the prefrontal cortex, the amygdala and
the hippocampus [2,14]. In the prefrontal cortex, chronic stress expo-
sure causes shortening of dendrites and behavioral manifestations,
such as impairment in attention, in extinction of fear-conditioned
tasks, and in top-down cognitive emotion regulation. In the amygda-
la, chronic stress exposure causes dendritic growth and behavioral
manifestations, such as enhanced response to unlearned fear and
fear conditioning. In the hippocampal circuitry, chronic stress expo-
sure causes a plastic remodeling with volumetric reduction of the
hippocampus and behavioral manifestations, such as deficits in de-
clarative, contextual, and spatial memory. In addition to excitatory
amino acids, monoamines, endogenous opioids, and BDNF, the endo-
crine and immune systems also contribute to stress-related brain
plasticity [2,20–22]. In turn, stress-related brain plasticity could po-
tentiate the response of the endocrine and immune systems to subse-
quent stressors in a feed-forward cycle.

In the endocrine system [23], chronic exposure to psychosocial
stressors is associated with increased corticotropin-releasing factor
(CRH) levels, consistentwith chronic activation of the HPA axis. Chronic
stress is also associated with lowermorning cortisol levels and elevated
afternoon cortisol levels, resulting in flatter circadian variation and
greater daily output of cortisol. Furthermore, chronic stress is associated
with smaller cortisol response to the dexamethasone suppression test,
suggesting the development of glucocorticoid resistance [24,25]. HPA
axis hyperactivitymay be due to stimulatory influences of the amygdala
on the paraventricular nucleus of the hypothalamus [14] but also to el-
evated inflammation levels [26]. If chronic stress persists over extended
periods, HPA axis hyperactivitymay recede or even to fall belownormal
levels [23].

In the immune system, chronic exposure to psychosocial stressors
leads to enduring elevation in inflammation levels [27]. The elevation
in inflammation levels is presumably due to the chronic or repeated
stimulation of the sympathetic nervous system [15], as well as to
the progressive down-regulation of key anti-inflammatory pathways,
such as the HPA axis [24,28] and the parasympathetic nervous system
[29,30]. In addition to elevated inflammation levels, chronic stress ex-
posure has been associated with impaired cell-mediated acquired im-
munity [31,32].

By inducing physiological abnormalities across allostatic systems,
chronic or repeated stress exposure could lead to age-related disorders.

3. Age-related disease

Allostatic load or overload [5], the ‘wear and tear’ of the allostatic
systems, is likely to mediate the effect of chronic stress on medical
and psychiatric disorders related to aging.
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First, individuals exposed to chronic stressors are at heightened
risk of cardiovascular disease [33–35]. Stress-related amygdala
hyper-reactivity, elevation in inflammation levels, and metabolic ab-
normalities may contribute to atherosclerosis progression promoting
the development of cardiovascular disease [36,37].

Second, individuals exposed to chronic stressors are at heightened
risk of age-related metabolic disorders [38]. Stress-related elevation
in inflammation levels and in cortisol secretionmay decrease cell sen-
sitivity to insulin promoting the development of metabolic disorders,
such as type 2 diabetes and metabolic syndrome [9,39].

Third, individuals exposed to chronic stressors show accelerated
cognitive decline [40]. Stress-related elevation in inflammation levels
and in cortisol secretion may contribute to neurodegeneration [4,41–
44] promoting cognitive decline and dementia.

Finally, individuals exposed to chronic stressors show accelerated
cellular aging [45]. Stress-related elevation in inflammation levels
and metabolic abnormalities may contribute to telomere erosion
[46,47].

4. Child development

In addition to chronic or repeated stressors during life as a mature
individual, stressors experienced in sensitive developmental win-
dows may also have enduring influences on allostasis and allostatic
load and overload. Adverse childhood experiences could induce sig-
nificant biological changes in children (biological embedding), modi-
fy the maturation and responsiveness of allostatic systems and, thus,
exert long-term effects on health.

The nervous, endocrine, and immune systems are not fully ma-
tured at birth and show profound changes during childhood. For ex-
ample, the human brain shows significant age-related changes at
least until young adulthood [48]. Longitudinal studies on normally
developing children showed that white matter volume generally in-
creases throughout childhood and adolescence. The increase in mye-
lination underlying the changes in white matter volume is thought to
increase the speed of neuronal signals and, thus, to improve connec-
tions between different brain areas. In contrast, gray matter volume
follows an inverted-U trajectory during the first two decades of life.
This pattern is thought to result from synaptic pruning, namely the
elimination of unstimulated neuronal structures, as well as from the
relative increase in myelination (with reduction of the gray-to-
white matter ratio after childhood). These maturational processes un-
fold in different brain regions at different times, matching cognitive
milestones [49]. The maturation of cortical areas has been studied in
the greatest detail [50]. The sensorimotor cortex undergoes matura-
tion in the first 2–3 years of life, aiding the acquisition of sensory
and motor skills. The parietal and temporal cortical association re-
gions mature within the first decade of life, subserving the acquisition
of basic language and spatial attention. Finally, the prefrontal cortex
continues maturing well after puberty, supporting the acquisition of
executive functions.

Similarly, the immune system undergoes age-dependent matura-
tion after birth. Newborns are protected against infection by maternal
antibodies transferred through the placenta and through milk. In addi-
tion to this passive immunity, newborns' adaptation in the face of infec-
tion relies upon the activity of their innate immune system [51]. Innate
immune receptors are encoded through the germ line. They have
evolved by natural selection to recognize conserved microorganisms'
antigens and to enable rapid response against them without any prior
contact [52]. However, innate immune receptors can only recognize a
limited number of antigens and, thus, trigger limited responses in new-
borns. During early development, the colonization and infection of the
skin, the gastrointestinal tract, and the lungs enable the interaction of
microorganisms with T- and B-cells of the acquired immune system
[53]. Through these interactions, T- and B-cells acquire an extremely
varied repertoire of receptors and fine-tune the immune response.
These examples emphasize that child development is shaped by the
interplay between genetic and environmental influences. On the one
hand, since birth, newborns are thought to have genetically-mediated
abilities to process information that is ubiquitous in the environment
and shared by all individuals, such as basic perceptual stimuli or anti-
gens from common pathogens (experience-expectant information)
[54]. Through development, children then acquire the ability to process
information that is idiosyncratic or unique to the individual, such as
culture-specific vocabulary or antigens from pathogens that are specific
to one's environment (experience-dependent information) [54]. Despite
the risks of immaturity in newborns, evolution may have selected pro-
longed post-natal development to facilitate adaptation based on child-
hood experience-dependent information [55].

Consistent with its key adaptive function, experience-dependent
information can profoundly modify the maturation of allostatic sys-
tems. For example, the extent to which children are exposed to social
stimulation influences their predisposition to social communication
difficulties at older ages [56]. Similarly, the extent to which children
are exposed to infections influences their predisposition to allergic
and autoimmune reactions in adult life (i.e., the hygiene hypothesis)
[57]. Just like other experience-dependent information, adverse psy-
chosocial experiences in childhood could modify the maturation of
allostatic systems to promote adaptation. Like psychosocial adversi-
ties in adult life, adverse childhood experiences are likely to signal
high levels of environmental threat and to trigger adaptive responses
in the nervous, endocrine, and immune systems in children (i.e.,
allostasis). Unlike psychosocial adversities in adult life, adverse child-
hood experiences may result in physiological responses that endure
long after the initial threat has ceased, thus becoming detrimental
(i.e., allostatic load and overload). Allostatic load could therefore me-
diate the long-term effect of adverse childhood experiences on psy-
chiatric disorders, such as depression and PTSD [58], and on age-
related disease [59].

Although adverse childhood experiences may have significant effects
on the development of allostatic systems, the extent of these effects is
likely to vary across studies and individuals because of at least three rea-
sons. First, the nature of adverse childhood experiences can be very dif-
ferent depending, for example, on the number, the duration, the
timing, the type, and the method of assessment of adversities. Second,
the response to even very similar adversities can be very different
depending on individual characteristics of resilience and vulnerability in-
cluding genetic background and previous experiences. Finally, although
adverse childhood experiences could impact on the developmentofmul-
tiple allostatic systems (multifinality), other factors can have similar ef-
fects (equifinality) thus buffering or potentiating the association
between childhood adversities and allostasis or allostatic load.

In the next sections, we will review the brain, endocrine, and im-
mune correlates of a prototypical adverse childhood experience,
namely childhood maltreatment, in children and adults.

5. Biological embedding of adverse psychosocial experiences in
children: the role of allostasis

5.1. Nervous system

Wewill consider here neurobiological and behavioral correlates of
maltreatment in children [60], focusing on three key brain regions
known to be highly sensitive to psychosocial stress; the prefrontal
cortex, the amygdala, and the hippocampus [14].

Convergent findings suggest abnormalities in prefrontal cortex
functioning in maltreated children. In a recent study, a non-clinical
sample of substantiated cases of physical maltreatment, maltreated
children showed smaller orbitofrontal cortex volume compared to
non-maltreated children [61]. Several other studies examined clinical
samples of children with maltreatment-related post-traumatic stress
disorder (PTSD). Structural brain-imaging studies reported both
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smaller [62] and larger [63] prefrontal cortex volume, in children with
maltreatment-related PTSD compared to non-maltreated children
without PTSD. Children with maltreatment-related PTSD showed
lower N-acetylaspartate/creatine ratios in the anterior cingulate com-
pared with controls matched for age, race, socioeconomic status, and
IQ level, suggesting possible neuronal damage or loss [64]. Children
with maltreatment-related PTSD showed neuropsychological profile
suggestive of impaired prefrontal cortex functioning including poor
performance in card sorting and word list generation tasks, deficit
in sustained attention, and impulsivity [65,66]. Children with
maltreatment-related PTSD also showed attenuation of frontal EEG
asymmetry compared to control children, which was interpreted to
suggest abnormal brain development in this area [67]. Studies of in-
stitutionalized children reported consistent findings. Compared to
community controls, Romanian adoptees showed poorer concentra-
tion and higher activity levels [68], which may be partly mediated
by EEG abnormalities [69]. Abnormalities in prefrontal cortex func-
tioning were also suggested by the preliminary evidence of lower
prefrontal glucose metabolism in Romanian adoptees compared to
adult controls [70]. It is unclear whether impairment in prefrontal
functioning should be attributed to delayed maturation of the pre-
frontal cortex, similar to findings in children with attention deficit
and hyperactivity disorder [71,72], or to neuronal damage. Notably,
deficits in attention regulation and impulse control described in mal-
treated children could be modified by placements in safe and warm
family environments [73].

Studies to date showed some evidence of larger amygdala volume
among maltreated children. A study of Romanian children adopted by
UK families reported that previously institutionalized children had in-
creased amygdala volume compared to non-institutionalized children
[74]. A study of Asian and Eastern European children adopted by US
families showed increased amygdala volume only in previously insti-
tutionalized children who were 15 months or older at the time of
adoption compared with non-institutionalized children [75]. Finally,
a meta-analysis of four studies did not find evidence of volumetric
changes in the amygdala of children with maltreatment-related
PTSD compared to controls [76].

There has been no clear evidence of changes in hippocampus vol-
ume among maltreated children. One study showed that hippocam-
pus volume was negatively correlated with early life adversities
(including maltreatment) in adolescents with and without a family
history of depression [77]. In contrast, a meta-analysis of four studies
suggested that children with maltreatment-related PTSD did not
show volumetric changes in the hippocampus compared to non-
maltreated children without PTSD [76]. In addition, post-
institutionalized children did not show volumetric changes in hippo-
campus volume compared to non-institutionalized controls [74,75].

5.2. Endocrine system

Several studies have explored the effects of maltreatment on the
HPA axis in children, including basal functioning, response to psycho-
social stress tasks, and response to pharmacological stimulation with
corticotrophin-releasing hormone (CRH) [78].

Maltreated children tend to have elevated basal cortisol levels
suggestive of chronic activation of the HPA axis. Maltreated children
with significant emotional problems showed higher morning, after-
noon, and average daily cortisol levels across 1 week [79]. Children
with maltreatment-related PTSD showed higher 24-hour urinary
free cortisol and daily salivary cortisol levels compared to non-
maltreated children without PTSD [80,81]. Romanian adoptees, and
particularly those who spent longer time in orphanages, exhibited el-
evated cortisol levels averaged during the day [82]. Some [83] but not
all [84] studies showed that post-institutionalized children might
have flatter circadian variation in cortisol levels compared to non-
institutionalized children.
In addition to chronic HPA axis activation, maltreated children
often exhibit blunted neuroendocrine response to laboratory psycho-
social stress tasks, and a blunted HPA response is identified as one of
the subtypes of response associated with allostatic load [12]. Children
with substantiated maltreatment experiences and no prior psychopa-
thology showed a blunted cortisol response to the Trier Social Stress
Test, a psychosocial stress task involving public speaking and mental
arithmetical calculation [85]. Furthermore, a sample of maltreated
and bullied children from the Environmental Risk (E-Risk) Longitudi-
nal Twin Study showed blunted cortisol response to a psychosocial
stress task involving mental arithmetical calculation and public
speaking/emotion elicitation [86]. Interestingly, cortisol response to
psychosocial stressors was negatively correlated with behavioral
problems [87] but was not associated with emotional symptoms
[85,87] in maltreated children.

It is possible that the blunted cortisol response to psychosocial
stressors in the context of a chronic neuroendocrine activation
could be due to a compensatory down-regulation of the central neg-
ative feedback mechanism regulating the HPA axis. Consistent with
this hypothesis, sexually abused children exhibited blunted ACTH re-
sponse and normal cortisol response to pharmacological challenge
with CRH [88], indicating pituitary hyporesponsiveness to CRH
and/or increased glucocorticoid receptor sensitivity to cortisol. How-
ever, maltreated children with established depression diagnosis did
not show this pituitary down-regulation, and instead exhibited
heightened ACTH response to pharmacological challenge with CRH
[89] and heightened cortisol response to a psychosocial stress task.

Notably, the neuroendocrine changes described in maltreated chil-
dren could be modified by placements in safe and warm family environ-
ments or by improving family interaction. A family-based therapeutic
intervention for fosteredpreschoolerswas effective in increasingmorning
cortisol levels and diurnal variation in cortisol levels [90]. Furthermore, a
parenting program targeting at-risk preschoolers (younger siblings of ad-
judicated youths) was effective in increasing cortisol response to entry
into an unfamiliar peer group [91].

5.3. Immune system

The sensitivity of the developing immune system to childhood
psychosocial experiences was initially emphasized by the findings
that children exposed to even transient stressful experiences, such
as the separation from parents at the beginning of kindergarten,
showed significant changes in immune functioning [92]. This evi-
dence was consistent with studies in adult individuals reporting
stress-induced potentiation of inflammation [15,27,93] and impair-
ment in acquired immune response [31,32]. Despite this important
early insight, only recently psychobiological studies have started ex-
ploring immune system changes in children exposed to adverse psy-
chosocial experiences.

Our team has reported initial evidence of innate immune system
changes in young people exposed to adverse psychosocial experi-
ences [94]. We observed elevated levels of C-Reactive Protein (CRP),
a biomarker of inflammation, in 12-year old children exposed to
physical abuse and experiencing current depression. Group differ-
ences could not be explained by potential confounders, such as family
socio-economic circumstances, obesity, or body temperature.

Stress-related elevation in CRP levels in maltreated children could
be an adaptive strategy to prepare the body to face possible physical
injury [95]. CRP is a component of the humoral innate immune system
and facilitates recognition of pathogens and their killing through the
activation of complement or the recruitment of macrophages and
neutrophils (equivalent to an antibody in the acquired immune sys-
tem) [96,97]. This first line of defense may however be insufficient
for pathogen clearance [98,99]. Innate immune mediators therefore
also orchestrate the activation of a delayed yet more specific response
by the acquired immune system. The extent and duration of pro-

http://dx.doi.org/doi:10.1016/j.biopsych.2011.06.017
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inflammatory cytokines secretion influence the functional orientation
and the strength of the acquired immune response, so that elevated
or prolonged secretion of pro-inflammatory cytokines potentiates
rapid acquired immune response (T-effector cells) at the cost of
long-term protection (T-memory cells) [100,101]. Despite providing
protection in acute conditions, elevated inflammation levels observed
in some maltreated children may therefore be associated with limited
protection in the face of chronic infections, such as latent herpes sim-
plex virus (HSV) infections [102].

Consistent with this hypothesis, both post-institutionalized chil-
dren living in adoptive homes and children with substantiated cases
of physical abuse still residing within their families showed elevated
secretory IgA for HSV compared to controls, indicating impaired ac-
quired immune response [103]. Group differences were not
accounted for by age, gender, race, family socio-economic status,
child body-mass index, or child chronic medical problems. These
findings suggest that children exposed to adverse psychosocial expe-
riences have impaired acquired immune response in the face of
chronic/latent infections, possibly as a result of chronically elevated
inflammation levels.

5.4. Comments

The most consistent neurobiological and behavioral findings in chil-
dren exposed to adverse psychosocial experiences seem to be linked to
impaired prefrontal cortex functioning. Maltreated children tend to
show smaller prefrontal cortex volume, deficits in executive function,
and behavioral problemswith rapidly shifting attention, impulsiveness,
and increased motor activity. It is possible that some maltreated chil-
dren may have enlarged amygdala volume, although findings have
been inconsistent. Notably, work so far did not identify changes in hip-
pocampal volume in maltreated vs non-maltreated children.

Neuroendocrine findings suggested that maltreated children ex-
hibit chronic activation of the HPA axis and blunted response to psy-
chosocial stressors. This may be due to a compensatory pituitary
hyporesponsiveness to CRH and/or increased glucocorticoid receptor
sensitivity to cortisol observed in some maltreated children.

Immunological findings in maltreated children point to elevated
inflammation levels, which may provide immediate protection in
the face of acute tissue damage but could be associated with reduced
protection in the face of chronic or latent infections.

The above summary is a necessarily simplistic account of hetero-
geneous findings in the field. Further research will be necessary to
understand the role of potential intervening variables, such as comor-
bid psychiatric disorders, age, and genetic background in explaining
the heterogeneity of the research base. For example, several studies
reviewed above compared children with maltreatment-related PTSD
to non-maltreated children without PTSD, therefore hampering con-
clusions about the relative contribution of maltreatment and PTSD
on allostatic systems. Nevertheless, there are common themes
emerging from the examination of the different allostatic systems in
maltreated children.

Maltreated children appear to perceive the environment as unpre-
dictable and threatening. Consistent with changes described in adults
exposed to psychosocial stressors [23], maltreated children tend to
have elevated basal cortisol levels. Despite the elevated cortisol levels,
some maltreated children also exhibit elevated inflammation levels,
similar to changes described in adults exposed to psychosocial
stressors [27,93]. The increase in inflammation levels could be due
both to repeated stimulation of the sympathetic nervous system
[15] and to progressive impairment in glucocorticoid signaling
[23,24]. Furthermore, elevated inflammation levels may be causing
HPA axis hyperactivity [26]. Notably, maltreated children who are
given the opportunity to experience safe and warm environments
show normalized HPA axis functioning [90,91], suggesting that phys-
iological changes linked to maltreatment are reversible in childhood.
Maltreated children adopt coping strategies that may improve ad-
aptation in the context of an unpredictable and threatening environ-
ment. Changes in allostatic systems should be understood based on
the ecological context in which maltreated children live. The neurobi-
ological and behavioral correlates of maltreatment, such as rapidly
shifting attention, impulsiveness, and increased motor activity could
be advantageous strategies when threats are frequent and unexpect-
ed, and rapid reactions could be vital for survival [104]. Furthermore,
chronic elevation in cortisol levels could support the increased meta-
bolic demands by mobilizing stored energy. Finally, elevation in in-
flammation levels may prepare the body to face physical injuries.
Because of the unpredictable and threatening context, the allostatic
changes described in maltreated children could promote adaptation
to the environment and, thus, be beneficial in the short-term [105].

Maltreated children adopt strategies that could be detrimental in
the longer term. The context-dependent shift to short-term strategies
could prevent maltreated children to achieve longer-term objectives.
Despite the adaptive advantages emphasized above, changes in allo-
static systems described in maltreated children may be detrimental
for child development. Rapidly shifting attention, impulsiveness,
and increased motor activity could impair key learning processes,
such as emotion regulation, education, and socialization [106], result-
ing in negative enduring effects on health, wealth, and criminality
[107]. Chronic elevation in cortisol levels could lead to important
metabolic imbalances, promoting obesity [108]. Elevated inflamma-
tion levels in childhood may influence the functional orientation of
immune system development, potentiating rapid and nonspecific im-
mune responses at the cost of poorer long-term protection in the face
of chronic infections [94,103].
6. Long-term effects of adverse childhood experiences in adult in-
dividuals: the role of allostatic load

6.1. Nervous system

Consistent with the evidence in children, adults with a history of
childhood maltreatment also showed smaller prefrontal cortex volume.
In a non-clinical sample, adultswith a history of childhood harsh corpo-
ral punishment showed smaller volume in the left dorsolateral and the
right medial prefrontal cortex [109]. In a different non-clinical sample,
adults who experienced greater levels of childhood stress including
maltreatment showed smaller volume in the anterior cingulate cortex
[110]. Furthermore, maltreated adult individuals showed smaller medi-
al prefrontal cortex regardless of symptoms of depression or anxiety
[111]. Finally, depressed patients with a history of childhood maltreat-
ment showed smaller volume in the rostral anterior cingulate cortex,
with a larger reduction in patients with greater exposure to childhood
maltreatment [112].

Studies to date showed some evidence of smaller amygdala volume
among adults with a history of childhood maltreatment. In a non-
clinical sample, early adversities appeared to interact with BDNF geno-
type in predicting smaller amygdala volume [113]. Patients with bor-
derline personality disorder and a history of childhood maltreatment
showed smaller amygdala volume than controls [114,115]. Patients
with dissociative disorder and a history of childhood maltreatment
showed smaller amygdala volume than a control group [116]. Brain im-
aging findings may be associated with abnormal function of the amyg-
dala, as suggested by evidence of increased startle reactivity in
maltreated vs non-maltreated individuals [117]. However, other studies
found no differences in amygdala volume in maltreated vs non-
maltreated individuals. In a non-clinical sample, adults who experi-
enced childhood stress including maltreatment did not show changes
in amygdala volume compared to controls [110]. Furthermore, adult pa-
tients with maltreatment-related PTSD did not show smaller amygdala
volume than healthy controls [118].
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Several studies reported reduced hippocampus volume in adults
with a history of childhood maltreatment [119]. Most [113,120,121]
but not all [110] studies in non-clinical samples reported smaller hip-
pocampal volume in adults with a history of childhood maltreatment
compared to non-maltreated individuals. Few studies investigated
hippocampus volume in adult patients with PTSD and a history of
childhood maltreatment. Most [118,122] but not all [123] studies
reported smaller hippocampus volume in adult patients with
maltreatment-related PTSD versus healthy controls, leading to
meta-analytic evidence of smaller hippocampus volume in this popu-
lation [76]. Adult individuals with maltreatment-related PTSD also
showed deficits in declarative memory [124]. Depressed patients
with a history of childhood maltreatment showed smaller hippocam-
pus than both depressed patients without a history of childhood mal-
treatment and non-maltreated/non-depressed individuals [125].
Patients with borderline personality disorder showed smaller hippo-
campus volume than controls, and hippocampus volume negatively
correlated with the exposure to childhood maltreatment in this pop-
ulation [114,115]. Finally, patients with dissociative disorder and a
history of childhood maltreatment showed smaller hippocampus vol-
ume than a control group [116].

6.2. Endocrine system

Consistent with the evidence in children, adults with a history of
childhood maltreatment also showed chronic activation of the HPA
axis. For example, depressed and non-depressed adults who reported
high levels of distress in preschool years including experiences of
childhood maltreatment showed high CRH levels in the cerebrospinal
fluid [126]. The downstream effects of CRH hyperactivity are hetero-
geneous and may be moderated by the presence or absence of current
psychopathology.

Research has been undertaken in adult individuals with a history
of childhood maltreatment but no current psychopathology in order
to identify neuroendocrine changes underlying resilience in the face
of childhood adversities. ‘Resilient’ adults showed HPA axis changes
comparable to those observed in maltreated children without psychi-
atric disorders. For example, adults with a history of childhood mal-
treatment but no current depression or PTSD showed blunted ACTH
and cortisol response to the Trier Social Stress Test compared to
non-maltreated controls [127]. Furthermore, adults with a history of
childhood maltreatment but no current psychiatric diagnosis showed
blunted ACTH and cortisol response to pharmacological challenge
with the dexamethasone/CRH test, indicating pituitary hyporespon-
siveness to CRH and/or increased glucocorticoid receptor sensitivity
[128].

Research on adult individuals with a history of childhood mal-
treatment and current psychopathology led to opposite findings. Sim-
ilar to the evidence in maltreated and depressed children [89,129],
findings in adults with a history of childhood maltreatment and cur-
rent psychopathology suggest an impairment in the compensatory
mechanisms for CRH hyperactivity. For example, adults with a history
of childhood maltreatment and current depression showed greater
ACTH and cortisol response to the Trier Social Stress Test compared
to non-maltreated and non-depressed controls [130]. In addition,
adults with a history of childhood maltreatment and current depres-
sion showed greater ACTH and cortisol response to pharmacological
challenge with the dexamethasone/CRH test [131]. Heightened re-
sponsiveness to the dexamethasone/CRH test was also reported in
adults with a history of childhood maltreatment and diagnosis of bor-
derline personality disorder [132]. These findings suggest that adults
with a history of childhood maltreatment and current psychopathol-
ogy show pituitary hyper-responsiveness to CRH and/or reduced glu-
cocorticoid receptor sensitivity.

It is remarkable that adults with current psychopathology but
without a history of childhood maltreatment did not appear to
show significant HPA axis abnormalities. For example, non-
maltreated depressed individuals showed comparable HPA axis re-
sponse to the Trier Social Stress Test and to the dexamethasone/CRH
test to control individuals [130,131]. As such, the HPA axis abnormal-
ities observed in depressed and maltreated individuals are unlikely to
simply represent a correlate of depression in maltreated adults. In
contrast, elevation in cortisol levels and impaired compensatory
mechanisms, such as pituitary hyper-responsiveness to CRH and/or
reduced glucocorticoid receptor sensitivity, may contribute to in-
creasing the risk of depression in maltreated individuals [24,25,133].

6.3. Immune system

Consistent with the evidence in children, adults with a history of
childhood maltreatment also showed elevated inflammation levels.
Our team tested the association between a prospectively-collected
measure of childhoodmaltreatment and circulating inflammation bio-
markers at age 32 years among participants to the Dunedin Multidis-
ciplinary Health and Development Study. Children who had been
exposed to maternal rejection, harsh parenting, disruptive caregiver
changes, physical abuse or sexual abuse were more likely than non-
maltreated children to show greater levels of multiple clinically-
relevant inflammation biomarkers, such as C-reactive protein, fibrino-
gen, white blood cell count, in adulthood [134]. Consistent with the
HPA axis abnormalities described above, the effect of childhood mal-
treatment on inflammation biomarkers was accentuated in adult indi-
viduals with current depression diagnosis. Furthermore, adult
individuals with current depression diagnosis but no maltreatment
history only showed a non-significant increase in inflammation bio-
markers [135]. These observations were consistent with reports
from other epidemiological studies. Among adult participants to the
EPIC-Norfolk Study, reports of childhoodmaltreatment were associat-
ed with elevated white blood cell count at two subsequent waves of
assessment [136]. Among black, but not white, adult participants to
the MIDUS survey, reports of early life adversities were associated
with elevated levels of interleukin-6, fibrinogen, endothelial leukocyte
adhesion molecule-1, and soluble intercellular adhesion molecule-1
[137]. Furthermore, among an old-age group of caregivers, reports of
childhood maltreatment were associated with elevated levels of
interleukin-6 and tumor necrosis factor-alpha regardless of the
major chronic stressor of dementia family care-giving [138].

Adult individuals with a history of childhood maltreatment
showed not only elevated baseline inflammation levels but also great-
er inflammatory response to psychosocial stress. Compared to non-
depressed individuals, patients with major depression and increased
early life stress showed greater interleukin-6 secretion and NF-kB
DNA-binding in response to the Trier Social Stress Test [139]. More-
over, ‘resilient’ adult individuals with a history of childhood maltreat-
ment but no current psychopathology showed greater interleukin-6
secretion and maximum interleukin-6 concentration in response to
the Trier Social Stress Test [140].

Chronic elevation in inflammation levels may disrupt acquired im-
mune system functioning by potentiating rapid acquired immune re-
sponse (effector cells) at the cost of long-term protection (memory
cells) [100,101]. Consistent with this hypothesis, adults with a history
of childhood maltreatment and current PTSD diagnosis showed higher
percentage of effector cells and lower percentage of memory cells com-
pared to controls [141]. Furthermore, adults with a history of childhood
maltreatment and current PTSD diagnosis showed greater delayed-type
hypersensitivity than control individuals [142], a phenomenonmediat-
ed by antigen-specific effector T cells in the skin [143].

6.4. Comments

Adults with a history of childhood maltreatment showed smaller
prefrontal cortex volume, which may be related to deficit in executive
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function [144]. Some but not all studies suggested that maltreated in-
dividuals might exhibit smaller amygdala volume and increased star-
tle response than non-maltreated individuals. Perhaps the most
consistent neurobiological finding in adults with a history of child-
hood maltreatment was the reduction in hippocampal volume with
associated deficit in declarative memory.

Neuroendocrine findings in maltreated adults appeared to vary
according to the presence or absence of concurrent psychiatric disor-
ders. On the one hand, maltreated individuals with no current psychi-
atric disorder exhibited chronic activation of the HPA axis and
blunted response to psychosocial stressors, presumably due to com-
pensatory pituitary hyporesponsiveness to CRH and/or increased glu-
cocorticoid receptor sensitivity to cortisol. One the other hand,
maltreated individuals with current psychiatric disorders exhibited
chronic activation of the HPA axis and heightened response to psy-
chosocial stressors, presumably due to impairment in the above com-
pensatory mechanisms.

Immunological studies suggested that adults with a history of
childhood maltreatment showed elevated basal levels of inflamma-
tion biomarkers, which were greatest in those with concurrent psy-
chopathology. In addition to chronic baseline elevation in
inflammation levels, maltreated adults also showed greater inflam-
matory response in the face of laboratory psychosocial stressors.
Heightened inflammation levels appeared to be accompanied by a
switch in the adaptive immune system, favoring rapid acquired im-
mune response at the cost of impaired long-term protection, as man-
ifested by an increased effector/memory cell ratio and greater
delayed-type hypersensitivity in maltreated individuals.

There are some important differences between findings in allo-
static systems of children and adults who experienced maltreatment.
Although amygdala volume seemed to be increased in maltreated
children, amygdala volume was normal or decreased in adults with
a history of maltreatment. The apparent transient nature of amygdala
abnormalities might be due to earlier maturation of the amygdala
compared to cortical areas (e.g., prefrontal cortex) [145] and, thus,
to the limited ability of childhood psychosocial experiences to influ-
ence its maturation and long-term changes. Furthermore, although
hippocampus volume seemed to be unaffected in maltreated chil-
dren, hippocampus volume was decreased in adults with a history
of childhood maltreatment. The apparent progressive nature of hip-
pocampus abnormalities in maltreated individuals might be due to
cumulative damage owing to enduring exposure to glucocorticoids
or inflammation mediators [20,22]. In turn, the progressive hippo-
campus damage could contribute to increasing risk of depression
and PTSD in adult individuals with a history of childhood maltreat-
ment [146].

Strikingly, there are several similarities between findings in allo-
static systems of children and adults who experienced maltreatment.
Both maltreated children and maltreated adults showed structural
and functional abnormalities in the prefrontal cortex. These abnor-
malities may be linked to behavioral disorders described in this pop-
ulation, such as deficits in attention, impulsivity, hyperactivity,
substance abuse, conduct problems, and antisocial behavior [147].
These neurobiological abnormalities may also be linked to impair-
ment in top-down emotional regulation leading to depression and
post-traumatic stress disorder [58]. Furthermore, both maltreated
children and maltreated adults showed high basal levels of HPA
axis mediators presumably indicative of high levels of perceived
threat. The ability of the HPA axis to adapt to this overload may de-
pend upon the presence or absence of psychopathology, such as de-
pression or PTSD. Finally, both maltreated children and adults
appeared to show elevated levels of inflammation and switch to
more immediate adaptive immune response. Despite the clear limi-
tations in making longitudinal claims from cross-sectional studies
[148], work so far suggests that adverse childhood experiences are
associated with enduring changes in allostatic systems that are
already observable in childhood years and remain apparent in
adult life.

The similarities between findings in allostatic systems of children
and adults who experienced maltreatment are striking because they
seem to persist regardless of the changes in their environment.
Years after maltreatment had ceased, adults with a history of child-
hood maltreatment still showed significant changes in allostatic sys-
tems. These changes appeared to be independent of objective and
subjective measures of adult stress exposure [134], suggesting that
they were not simply due to continuities in risky environments be-
tween childhood and adult life. When activated chronically and out
of context, allostasis ceases to be adaptive, may lead to allostatic
load, and, thus, may promote disease as maltreated individuals age.

7. Adverse childhood experiences and age-related disease

Adverse childhood experiences predict adult neurobiological,
metabolic, and immune changes related to the development of age-
related disease. For example, findings from the Dunedin study
showed that childhood maltreatment, childhood socio-economic dis-
advantage, and childhood social isolation predicted elevated risk of
depression, clustering of metabolic risk factors, and elevated inflam-
mation levels in adult life [59]. The effects of adverse psychosocial ex-
periences in childhood were independent of several other established
risk factors for age-related disease. Because of their independent and
cumulative effects on multiple allostatic systems, adverse childhood
experiences could lead to age-related disease.

Consistent with this prediction, several studies have reported as-
sociations between adverse childhood experiences and chronic/age-
related conditions. A series of classic papers from the Adverse Child-
hood Experiences (ACE) Study started a prolific area of investigation
by uncovering the link between retrospective reports of childhood
adversities and risk for age-related disease including cardiovascular
disease and type-2 diabetes in individuals from a health maintenance
organization [149]. These findings have been consistently replicated
in several independent samples [150] and have been supported by
longitudinal observations [151,152].

The association between adverse childhood experiences and age-
related disease is also supported by the initial evidence of accelerated
biological aging in maltreated individuals. Adults with a history of
childhood maltreatment showed reduced telomere length compared
to non-maltreated individuals in most [153–156], but not all studies
[157].

8. Conclusion and future directions

Adverse childhood experiences appeared to be associated with
changes in the nervous, endocrine, and immune systems in children
and adults (see Table 1). Previous research showed that experiences
during child development (experience-dependent information) could
influence maturational processes and, thus, exert long-term effects.
For example, childhood social experiences influence adult social func-
tioning [56], and childhood infection influence adult immune function-
ing [57]. Cross-effects between allostatic systems are also likely to
occur. For example, experimental work in animal models showed that
childhood infection influences adult behavior, HPA axis activity, and im-
mune system functioning [158,159]. Here we reviewed research sug-
gesting that stressful experiences in childhood may induce significant
biological changes (biological embedding) and, thus, influence the
physiological response to stress in adult life.

In the same way as changes in allostatic systems maintain stability
of key bodily functions in the face of stressful experiences in adult-
hood [14], these changes could also contribute to the adaptation to
adverse childhood experiences. This may be true up to a point as
long as there are support systems for a child that help buffer early
life adversity and keep the stress “tolerable” as opposed to “toxic”.



Table 1
Summary of the brain, endocrine and immune correlates of childhood maltreatment in children and adult individuals.

Children Adults

Brain Prefrontal cortex. Smaller volume. Poorer executive functions Prefrontal cortex. Smaller volume.
Amygdala. Possibly larger volume. Amygdala. Possibly smaller volume. Greater startle response
Hippocampus. No changes Hippocampus. Smaller volume. Deficit in declarative memory.
Behavior. Poorer attention, greater activity levels, impaired emotion regulation and self-
regulatory behaviors

Behavior. Depression, PTSD, substance abuse

HPA axis Basal levels. Higher cortisol levels. Flatter cortisol profile Basal levels. Higher CRH levels
TSST. Blunted cortisol response TSST. Blunted (no mental illness) or heightened (with mental

illness) cortisol response
Pharmacological stimulation. Blunted ACTH response and normal cortisol response to CRH test
(heightened ACTH response in depressed+maltreated)

Pharmacological stimulation. Blunted (no mental illness) or
heightened (with mental illness) ACTH and cortisol responses to
DEX/CRH test

Immune
system

Innate immunity. Elevated inflammation levels (in depressed+maltreated) Innate immunity. Elevated inflammation levels
Acquired immunity. Poorer response to latent HSV infection Acquired immunity. High T-cytotoxic/T-helper ratio. Greater type-

IV hypersensitivity response
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Indeed, toxic stress, which includes the most severe forms of child-
hood adversity as well as lack of adequate buffering, results in pro-
found functional impairment associated with harmful consequences
on health and wealth throughout the life-course.

When are physiological responses to adverse childhood experi-
ences protective and when do they become damaging? A tentative
answer involves consideration of context, priorities, and timing. The
context in which the physiological response to stress has evolved
was rich in physical threats to survival, which have significantly de-
creased over the past few centuries [160] The priorities that have
shaped the physiological responses to stress throughout evolution
are survival and reproduction, and not academic achievement or
healthy aging [161]. Therefore, to the extent that adverse childhood
experiences involve frequent and unpredictable threats to survival,
changes in allostatic systems in children may represent adaptive
strategies reflecting those ancient priorities. However, as the context
becomes less noxious and priorities shift from immediate to long-
term goals, changes in allostatic systems may become detrimental. Fi-
nally, context and priorities vary over time [162–164]. Changes in
allostatic system that may promote adaptation to psychosocial adver-
sities in childhood are likely to be unnecessary and potentially detri-
mental if they persist years after the original threat has ceased.

In order to better characterize the effects of adverse childhood ex-
periences on allostasis, allostatic load, and age-related disease, future
research may consider the following recommendations. First, to im-
prove the generalizability of research findings, biological correlates
of adverse childhood experiences should be explored in large
population-representative samples. As such, it will be important to
develop and validate new techniques that enable researchers to col-
lect biological samples in the community [165,166]. Second, because
of the limitations of longitudinal claims based on cross-sectional
studies [148], it will be important to promote efforts involving repeat-
ed collection of biological data in longitudinal studies. Third, because
adverse childhood experiences are not randomly distributed in the
population and often accompany exposure to other risk factors, future
research should strive to conceptualize and test relevant alternative
hypotheses [167]. Fourth, because of the fragmentation in the data
so far, future studies should aim to directly test mediation hypotheses
by measuring childhood adversities, biomarkers, and clinical out-
comes in the same individuals. Fifth, to characterize the heterogene-
ity of current research findings, it will be important to explore
resilience and vulnerability factors, such as genes and psychopatholo-
gy [59,135,168,169]. Sixth, because the nervous, endocrine, and im-
mune systems are highly integrated, changes in allostatic systems
should be assessed simultaneously in the same samples. Seventh, to
clarify the molecular mechanisms converting psychosocial stress ex-
posure in childhood in biological risk for disease, future research
should broaden the emerging evidence relating adverse childhood
experiences to changes in epigenetic states and gene expression
[170,171]. Finally, in order to minimize the detrimental, long-term ef-
fects of adverse childhood experiences on health, it will be important
to test if interventions targeting the behavioral sequelae of childhood
maltreatment could also reduce related abnormalities in the endo-
crine and the immune systems. A better understanding of the effects
of adverse childhood experiences on allostasis, allostatic load, and
age-related disease will inform the development of innovative pre-
ventive and therapeutic strategies [172].
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