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ABSTRACT
Adverse childhood experiences (ACEs) are associated
with elevated risk for substance use disorders (SUDs),
yet prevailing accounts often emphasize psychosocial
pathways and reward-circuit recalibration without fully
articulating immunobiological mechanisms that may
converge on these processes. This narrative review ad-
vances a biological embedding framework linking early
adversity to SUD vulnerability through two partially
overlapping pathways: 1) stress—reward neurodevelop-
mental recalibration and 2) immune embedding with
downstream neuroimmune feedback. Drawing on epide-
miologic and mechanistic studies across developmental
psychopathology, addiction neuroscience, and psycho-
neuroimmunology, we synthesize evidence that ACE
exposure can produce enduring alterations in stress-
regulatory systems (e.g., hypothalamic-pituitary-adrenal
axis and autonomic function) alongside low-grade inflam-
matory phenotypes characterized by altered cytokine sig-
naling and glucocorticoid sensitivity. We then highlight
convergent evidence that peripheral immune activation
can influence central reward and affective processes
via microglial priming, cytokine-mediated modulation
of monoaminergic systems (particularly dopamine), and
tryptophan-kynurenine metabolism, potentially contrib-
uting to anhedonia, negative affect, and craving-relevant
reinforcement dynamics. Next, we describe limitations
of the present review and of the broader evidence base,
as well as priority research directions. We conclude by
arguing that integrating immune embedding with stress-
reward recalibration may clarify one pathway by which
ACEs confer SUD vulnerability and may inform trauma-
informed, neurobiologically grounded approaches to
prevention and treatment.
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INTRODUCTION

Substance use disorders (SUDs) emerge from complex, mul-
tilevel processes that begin long before substance use ini-
tiation. Among the early-life conditions that shape these
trajectories, adverse childhood experiences (ACEs) stand out
as particularly consequential. ACEs comprise 10 forms of
household-level adversity—including abuse, neglect, and
chronic family dysfunction—that capture recurrent disrup-
tions in caregiving environments during formative periods
of development.'” Across epidemiologic studies, higher
ACE burden is associated with earlier initiation,® more rapid
escalation,* and more persistent, hazardous substance-use
trajectories.*® These associations extend to SUD onset” and
severity>*® and typically show dose-response gradients.®**
Clinical data parallel these trends. Individuals entering SUD
treatment commonly report substantial early adversity,” and
higher ACE scores often coincide with more severe disorder
presentations, 10 greater psychiatric comorbidity,! and more
limited improvement during treatment.'>'® Such findings
indicate that ACEs are not merely correlates of substance
misuse but formative conditions that alter developmen-
tal risk architecture, shaping how individuals engage with
stress and reward across the lifespan.

The developmental impact of ACEs is increasingly under-
stood through the framework of biological embedding,
whereby early adversity calibrates the developing brain
and body in enduring ways, shaping the maturation and
long-term functioning of key regulatory systems.'* In par-
ticular, two partially overlapping pathways appear espe-
cially influential in shaping vulnerability to substance use:
1) a stress-reward neurodevelopmental pathway, in which
chronic activation of stress physiology alters the matura-
tion and connectivity of limbic—prefrontal circuits; and 2)
an immune-embedding pathway, in which sustained inflam-
matory activity feeds back on the brain through neuroim-
mune signaling. Together, these alterations may operate
both independently and in concert, establishing a biological
milieu in which substance exposure more readily promotes
maladaptive, self-reinforcing use patterns. The sections that
follow review epidemiologic evidence linking ACEs to sub-
stance-use trajectories and then synthesize mechanistic find-
ings that clarify how early adversity becomes biologically
embedded through these two pathways. We conclude with
a description of limitations and future research directions.
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EPIDEMIOLOGICAL FINDINGS ON ACES

AND SUBSTANCE USE

ACEs are notable for the consistency and magnitude of their
association with substance-related outcomes. Across large
cohort and survey studies, higher ACE scores are linked
to characteristic alterations in substance-use trajectories,
including earlier initiation,® more rapid transition from
experimentation to regular use,* and greater persistence of
high-risk patterns into adulthood.** These developmental
shifts correspond with substantial increases in risk. Indi-
vidual ACE categories are associated with roughly two- to
four-fold higher odds of early initiation of illicit drug use,
and risk increases in graded fashion with higher cumula-
tive scores.'” At the highest levels of adversity, this gradient
steepens further, with individuals reporting four or more
ACEs exhibiting approximately four- to twelve-fold higher
odds of problematic alcohol or drug use compared with
those reporting none.'*' Importantly, these associations
broadly generalize across alcohol, opioids, stimulants, and
polysubstance involvement,® suggesting that early adversity
confers a broad liability toward dysregulated reinforcement
rather than a narrow, drug-specific vulnerability.

NEUROBIOLOGICAL EMBEDDING OF ACES
(PATHWAY 1)

Stress System Adaptations

One way early adversity may shape SUD risk is by recali-
brating the developing stress-response system, particularly
the hypothalamic-pituitary-adrenal (HPA) axis. In typical
development, cortisol secretion follows a diurnal rhythm
and is tightly regulated by glucocorticoid receptor (GR)-me-
diated negative feedback.'® Chronic childhood adversity,
however, can disrupt this calibration. Excessive or recur-
rent HPA activation during sensitive developmental periods
can induce adaptive but ultimately dysregulating changes
in HPA set points and responsivity.'”?> Studies of children
and adults with high ACE exposure frequently document
altered diurnal cortisol patterns, including flattened slopes
and elevated afternoon or evening cortisol, as well as atyp-
ical cortisol reactivity profiles, with either blunted or exag-
gerated responses to acute stress depending on the timing,
chronicity, and severity of adversity exposure.'”?* These
findings align with widely cited stress-response models pos-
iting an initial phase of hyperreactivity followed by counter-
regulatory hyporeactivity under sustained demand.?

A common thread across these endocrine phenotypes is
diminished GR sensitivity. Evidence from peripheral and
central studies suggests that chronic early stress weakens the
body’s ability to regulate the HPA axis through cortisol, its
primary glucocorticoid hormone. Peripherally, adolescents
with adversity histories show elevated cumulative cortisol
output alongside reduced suppression of T-cell activation
by dexamethasone, consistent with partial glucocorticoid
resistance.?® At the neural level, ACEs such as childhood
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maltreatment have been linked to increased methylation
of the exon 1F NR3C1 promoter and reduced GR mRNA
expression in hippocampal tissue.?® Moreover, because GRs
are densely expressed in the amygdala, hippocampus, and
prefrontal cortex, weakened feedback can prolong or dysreg-
ulate cortisol signaling in these regions, increasing suscepti-
bility to structural and functional alterations.>**’

Neuroimaging findings provide support for this mech-
anistic account. In some functional imaging studies, ACE
exposure is associated with heightened amygdala reactivity
to emotional or threatening cues and reduced recruitment of
medial and lateral PFC regions during cognitive control or
reappraisal tasks in both adolescents and adults.’®* Struc-
tural imaging work similarly reports reduced hippocampal
and, in some samples, smaller medial PFC and amygdala vol-
ume among those with documented childhood trauma.?$30
Diffusion tensor imaging extends evidence from regional
effects to circuit integrity, documenting weaker white-mat-
ter connectivity in frontal-limbic pathways, including tracts
linking the amygdala and PFC.? Collectively, these results
suggest a developmental calibration toward a stress-sensi-
tized phenotype, wherein rapid bottom-up threat detection
is more readily engaged and prefrontal modulation and
hippocampal contextualization are less effective.?®” This
phenotype is clinically meaningful because heightened neg-
ative affect in the setting of diminished regulatory capacity
can make the rapid affective relief produced by substances
especially reinforcing, amplifying risk for escalation and
compulsive patterns of use.?!

Reward System Adaptations

ACEs may also shape the development of the brain’s reward
circuitry.®? The mesocorticolimbic dopamine system—
encompassing dopaminergic neurons in the ventral teg-
mental area (VTA) and projections to the PFC, nucleus
accumbens (NAc), amygdala, and hippocampus—underlies
motivation, pleasure, and reinforcement learning.’> This
system undergoes protracted maturation from childhood
through adolescence, making it particularly sensitive to
environmental input.’?> Converging evidence suggests that
early adversity can recalibrate this circuit, often in the
direction of reduced responsiveness to natural rewards.®*
At the behavioral level, children and adolescents exposed to
maltreatment or neglect frequently show dampened respon-
siveness to positive outcomes and altered reward-based
learning.®3? On tasks that require rapid responding to obtain
incentives, maltreated youth may respond more slowly, earn
fewer rewards, or fail to adjust behavior when contingencies
change.??? They also often display increased impulsivity and
risk-taking, which may reflect attempts to compensate for
a muted sense of reward or difficulty integrating feedback
about long-term consequences.®?> Mechanistically, these
behavioral patterns are consistent with a reward system that
is less responsive to everyday reinforcers and more prone to
seek intense or immediate stimulation.
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Neuroimaging work also provides support for altered
reward processing following ACE exposure. Functional MRI
studies report reduced activation of the ventral striatum
during anticipation or receipt of rewards in individuals with
childhood trauma histories.*> This blunted ventral striatal
response has been observed across various types of rewards,
including monetary gains and social approval, and in both
adolescent and adult samples.®” Longitudinal studies fur-
ther suggest that reduced ventral striatal activation during
adolescence may help explain associations between early
adversity and later depressive symptoms,®> which them-
selves are robustly associated with problematic substance
use.?*3* Studies also report altered functional connectivity
between reward regions and prefrontal areas, potentially
reflecting compensatory or maladaptive attempts at regula-
tion.?? Although molecular data in humans are more lim-
ited, animal models of early stress show enduring changes
in dopamine receptor expression and firing patterns in meso-
limbic pathways, consistent with a shift in the sensitivity
and tuning of the reward system.3235

The clinical implications of a hyporesponsive reward
system are substantial. If typical sources of pleasure and
motivation fail to produce adequate dopaminergic signal-
ing, individuals may experience chronic anhedonia and
low drive,*® which can make the pharmacological effects of
substances especially salient.?® Psychoactive drugs provide
a rapid and large-amplitude increase in dopaminergic activ-
ity in the NAc, temporarily overcoming endogenous reward
deficits.®® In this context, substances can function not only
as tools for numbing negative affect,® but also as means of
briefly normalizing a chronically blunted reward state. This
dual role, i.e., relief of distress and enhancement of otherwise
muted reward, provides a powerful learning signal that can
set the stage for repeated use and, eventually, addiction.®3!

IMMUNE EMBEDDING OF ACES (PATHWAY 2)

In parallel with these neuroendocrine and neural alterations,
early adversity is increasingly understood to leave a durable
imprint on the immune system. These alterations can be
understood in part through stress-related shifts in autonomic
regulation. Repeated activation of the sympathetic branch—
which mediates the “fight-or-flight” response—promotes
sustained catecholamine release,®” engaging transcriptional
programs that bias immune cells toward proinflammatory
gene expression, notably via nuclear factor kB (NF-xB)-medi-
ated signaling.?> Concurrently, chronic recruitment of the
HPA axis can generate persistent elevations in glucocor-
ticoids, fostering partial resistance across time.?® As this
resistance emerges, glucocorticoids lose their typical capac-
ity to restrain inflammatory signaling pathways, includ-
ing NF-kB, allowing proinflammatory activity to persist.”
These pressures may help account for the increased basal
levels of inflammatory mediators, including interleukin-6
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(IL-6), tumor necrosis factor—a (TNF-0), and monocyte chemo-
attractant protein-1 (MCP-1), commonly observed in ACE-
exposed individuals.?>38-41

Inflammation, in turn, communicates extensively with
the brain. Circulating cytokines can access the central
nervous system via humoral routes across the blood-brain
barrier,* as well as through neural pathways such as vagal
afferents.” Within the CNS, microglia and other glial cells
respond to peripheral inflammatory signals by releasing
additional cytokines, reactive oxygen species, and neuro-
active metabolites that modulate synaptic plasticity and
neurotransmission central to mood and motivation.** For
example, inflammatory signaling can reduce dopamine syn-
thesis by depleting tetrahydrobiopterin, an essential cofactor
for tyrosine hydroxylase, and increase dopamine reuptake
through upregulation of presynaptic transporters, effectively
dampening dopaminergic tone in striatal regions.* In par-
allel, cytokine-induced activation of the kynurenine path-
way can shift tryptophan metabolism toward neuroactive
metabolites that influence glutamatergic transmission and
neurotoxicity.*® The net result is a neurochemical milieu
characterized by anhedonia, fatigue, and motivational defi-
cits—symptoms that overlap with both depression and early
addiction vulnerability.*

Importantly, these immune processes may intersect
directly with substance exposure. Alcohol, for example,
increases intestinal permeability, facilitating translocation
of bacterial lipopolysaccharide (LPS) into circulation.***’ LPS
engages toll-like receptor 4 (TLR4) and stimulates NF-xB-
mediated cytokine production, amplifying cytokine release
and promoting systemic immune activation.’® Preclinical
models indicate that TLR4 activation enhances alcohol
intake, raising the possibility that gut-derived inflamma-
tion may feed back to sustain some types of substance use.*!
Human studies similarly show that elevated inflammatory
markers such as IL-6 and C-reactive protein are associated
with heavier substance use and poorer treatment outcomes.
For example, in opioid use disorder, higher circulating IL-6
predicts greater ongoing drug use, poorer methadone adher-
ence, and increased risk of early dropout.®? Parallel neuro-
immune evidence for alcohol use disorder indicates that
chronic heavy drinking elevates central cytokines, including
MCP-1 and IL-6, and engages neuroinflammatory cascades
linked to craving and negative affect.>® From this perspec-
tive, inflammation functions not only as a downstream
consequence of ACEs and substance use but may also serve
as an active mechanistic contributor that shapes reward
sensitivity, negative affect, and craving.

LIMITATIONS OF PRESENT REVIEW

The account developed in this review is necessarily selec-
tive. For clarity and space, ACEs were treated as a cumula-
tive exposure, and substance use outcomes were discussed
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at an aggregate level, prioritizing shared biological path-
ways over fine-grained distinctions. Yet both domains are
heterogeneous in ways that almost certainly matter for
etiology. Different ACE constellations (e.g., threat-related
versus deprivation-related exposures) likely engage partially
distinct neurodevelopmental mechanisms,*® even as they
converge on overlapping stress, reward, and immune phe-
notypes. Likewise, alcohol, opioids, stimulants, cannabis,
and polysubstance patterns differ in their pharmacology,
social context, and temporal course. Collapsing across ACE
categories and substances is useful for highlighting general
liability but risks obscuring subtype-specific mechanisms
and opportunities for tailored intervention. Future work
that systematically compares dimensional representations
of adversity and profiles of substance use, while simultane-
ously modeling socioeconomic hardship, community vio-
lence, and other socioecological stressors, will be critical
for distinguishing what is common versus specific across
these pathways .5

The mechanistic evidence reviewed here also rests on
several important methodological constraints. Many of the
most detailed biological data are derived from preclinical
models that allow precise control of timing, dosage, and con-
text of early stress and drug exposure but cannot fully capture
the complexity of human adversity or the social meanings of
substance use. Available human studies often rely on retro-
spective reports of ACEs, which are vulnerable to recall bias
and are predominantly observational. Longitudinal cohorts
with prospectively assessed adversity, repeated multimodal
biomarkers, and careful attention to the timing and chro-
nicity of exposures are relatively rare. Moreover, the present
review focused exclusively on biological embedding and did
not systematically address developmental processes (e.g.,
social learning, parental/peer modeling, cultural norms) that
interact with biological vulnerabilities to shape real-world
use trajectories. Resilience processes were also excluded
from the present review. Yet emerging work suggests that
supportive caregiving, stable relationships, and resource-
rich environments can buffer or even recalibrate regulatory
systems following adversity.’**® Moving forward, the most
informative research will likely be explicitly translational
and multilevel: integrating animal and human paradigms;
combining neuroendocrine, immune, and neuroimaging
measures with dense behavioral and contextual data; using
quasi-experimental and causal inference methods where
possible; and testing interventions that target stress regu-
lation, reward engagement, and inflammatory processes as
modifiable mechanisms. Such work is essential for moving
beyond documenting risk to identifying levers that can alter
developmental courses set in motion by early adversity.
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CONCLUSION

ACEs may increase SUD vulnerability through biological
embedding across stress, reward, and immune systems.
Although this review focused primarily on ACE-related
adaptations, rather than providing a comprehensive synthe-
sis of neurobiology in established SUD, existing addiction
research indicates that many of these same systems are
perturbed in chronic substance use.’! For some individu-
als, then, addiction may emerge in the context of a brain
and body already calibrated toward high stress sensitivity,
low natural reward, and elevated inflammatory tone, with
substance exposure further exaggerating these patterns over
time. Viewing SUD through this lens has important impli-
cations. Conceptually, it encourages integrated models that
bridge developmental trauma research, addiction neuro-
science, and psychoneuroimmunology, rather than treating
these as siloed literatures. Clinically, it supports trauma-
informed, neurobiologically grounded approaches to preven-
tion and treatment.

For ACE-exposed youth at elevated risk, early prevention
efforts and interventions that reduce ongoing stress expo-
sure, support caregiving quality, and foster emotion regula-
tion, reward engagement, and health-promoting behaviors
may help recalibrate stress, reward, and immune systems
before substance use begins. For treatment-seeking adults
with significant adversity histories, incorporating strategies
that directly target stress dysregulation, reward deficits, and
inflammatory burden—alongside traditional substance-fo-
cused approaches—may improve outcomes beyond what is
achievable with pharmacotherapy or psychosocial treatment
alone. Finally, the concept of biological embedding under-
scores that while early adversity can have profound and
lasting effects, these effects are not necessarily irreversible.
The same plasticity that allows stress and inflammation to
shape developing neural circuits also creates opportunities
for repair and adaptation across the life course. Contin-
ued research into the mechanisms linking ACEs to SUD,
and into interventions capable of modifying those mecha-
nisms, holds promise for reducing the burden of addiction by
addressing its developmental roots.
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