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The early life experiences have an important impact on the development of the brain and 
behavior and early life adversities (ELA) may affect several biological systems including the 
hypothalamic-pituitary-adrenal (HPA) axis, neurotransmitter and immune signaling systems, and 
microbiota composition. Dysregulation of these systems may result in an altered stress reactivity 
in both early life and the adulthood periods leading to maladaptive responses to the environmental 
stimuli. The activation of certain neuropeptides, including oxytocin, stimulation of the HPA axis, 
and increased glucocorticoid levels, may also play an important role in the early adaptive process-
es. In terms of brain maturation, ELA can directly or indirectly elicit structural changes in neurite 
growth, neurogenesis, neuronal connectivities, and signaling processes, which may contribute to 
the production of the long-term behavioral changes associated with an increased risk of the neu-
ropsychiatric disorders’ development in later periods of the life. In this review, we summarize the 
effect of ELA on the HPA axis function, stress-related hormonal balance, immune responses, and 
the gut microbiome indicating how these changes may affect the brain function and behavior in 
the early stages of the life and adulthood. We also provide insight into animal studies revealing the 
responses of corticotropin-releasing hormone, urocortins, and corticosterone in various neural 
circuits in response to ELA evoked by maternal separation and limited bedding paradigms.
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The early life adversity (ELA) refers to an exposure 
to a wide range of early negative experiences 
including abuse, neglect, household dysfunction, and 
other psychosocial or biological stressors that can 
impair the emotional, psychological, and behavioral 
functioning and increase the risk of adverse health 
outcomes across the lifespan (Duffy et al. 2018; 
Nelson et al. 2025). Although the effects of ELA on 
brain development have been widely studied, the 
underlying cellular and endocrine mechanisms 

are only partially understood. Several studies have 
shown that sustained changes in glucocorticoid 
release and receptor levels during the perinatal and 
postnatal periods may impair the neuronal differ-
entiation and synaptogenesis in many brain regions 
including the hippocampus and the prefrontal cortex 
(PFC) increasing the risk of anxiety, depression, and 
schizophrenia development (Lupien et al. 2009; Chen 
and Baram 2016; Anza et al. 2025). It is also known 
that ELA regulates the expression and activity of 
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stress-related peptides including corticotropin-
releasing hormone (CRH) and urocortins, which 
modulate both the hypothalamic-pituitary-adrenal 
axis (HPA) responsiveness and behavioral outcomes 
during critical periods of the development (Wang 
et al. 2012). One of the key components involved 
in the regulation of the HPA axis with important 
consequences for emotional and social behavior 
is oxytocin, a hypothalamic neuropeptide, which 
mediates mother-offspring interactions. Alterations 
in oxytocin signaling have been observed in rodents 
and primates long after ELA stimuli, such as maternal 
separation or sensory deprivation (Jin et al. 2021; 
Municchi et al. 2025). Moreover, it has been well 
established that changes in oxytocin production and 
release may profoundly affect the brain maturation 
during specific developmental periods (Marlin and 
Froemke 2017).

In addition to neuroendocrine factors, brain 
development may also be influenced by peripheral 
immune cells and gut microbiome composition, 
both of which are affected by ELA (Cong et al. 2015; 
Cunningham et al. 2022). Immune components 
including macrophages and complement proteins 
participate in the neurite growth and synaptic 
pruning, which are essential processes for the proper 
maturation of neural networks and are influenced 
by the endocrine signaling (Wang et al. 2025). The 
gut microbiome shapes neurodevelopment through 
microbiota-gut-brain signaling pathways that 
influence HPA axis maturation, neuroinflammation, 
and neurotrophic factor expression (Kar et al. 2022; 
Wang et al. 2023a; Li et al. 2026).

This review summarizes the current knowledge 
of ELA effect on the stress-related hormonal systems 
particularly oxytocin and the HPA axis function, 
immune responses, and the microbiota, and indicates 
how these alterations may collectively affect the brain 
function and behavior (Figure 1).

HPA axis development and ELA

Stressors vary in their physical and psychological 
demands eliciting stressor-specific responses that 
engage multiple physiological systems. However, 
the HPA axis is a central stress circuit responding to 
different kinds of stressors (Koss and Gunar 2018). 
When fully matured, HPA activation mobilizes the 
physical and psychological resources in response 
to stress and regulates the key homeostatic systems 
including metabolic, cardiovascular, immune, repro-
ductive, and central nervous systems (Howland et al. 
2017). It is known that the early postnatal period is 

characterized by a stress hyporesponsive period in 
rodents, during which the basal glucocorticoid levels 
are relatively low and stress-induced corticosterone 
(CORT) response is markedly attenuated (Levine et 
al. 2001). The stress hyporesponsive developmental 
period represents a key window in early-life neuro-
endocrine system maturation with important impli-
cations for the long-term regulation of the HPA axis 
and the development of a stress resilience (Schmidt 
2025). The stress hyporesponsive period in rodents 
spans postnatal days 4–14 and is characterized by 
an attenuated glucocorticoid response, whereas 
in humans, a direct equivalent is unclear and a 
functional analogue of reduced cortisol reactivity 
emerges approximately 0–6 months during the early 
infancy (Howland 2023). This period is considered 
particularly sensitive to ELA, which is hypothesized 
to induce hyperactivity of the HPA axis character-
ized by elevated serum levels of glucocorticoids, 
i.e. humans, CORT in rodents, accompanied by 
impaired negative feedback regulation of the HPA 
axis (Smith and Pollak 2020; Alcantara-Alonso et 
al. 2024). Maternal care is a key determinant of the 
integrity of this hyporesponsive period and proper 
HPA axis maturation, with studies demonstrating 
developmental differences in glucocorticoid receptor 
(GR) expression and feedback sensitivity during this 
period (Liu et al. 1997). High levels of maternal licking 
and grooming are associated with an enhanced 
hippocampal GR expression and improved negative 
feedback regulation of the HPA axis in adulthood 
(Meaney and Szyf 2005).

A recent study (O’Neill et al. 2025) has emphasized 
the need to standardize the early-life stress protocols 
in experimental settings and reports that the postnatal 
period between postnatal days 6 to 10 is associated 
with elevated CORT levels in mice exposed to stress 
compared with controls. Therefore, experimental 
models commonly used to study the consequences 
of ELA include maternal separation and limited 
bedding during the early developmental stages. 
The maternal separation model is also clinically 
relevant, as it reflects the conditions of early parental 
deprivation neglecting or disrupting the caregiver–
infant bonding (Zhang et al. 2024). Lajud et al. (2012) 
have shown that periodic maternal separation did 
not alter basal CORT levels at postnatal days 3, 6, 9, 
or 12, but did enhance the CORT response to acute 
maternal separation stress. However, in adulthood, 
the stressed animals exhibited increased basal HPA 
axis activity without a difference in net stress-induced 
CORT release between control and maternal stressed 
animals (Lajud et al. 2012). Another study has 
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reported that ELA elicited a greater CORT response to 
acute stress in males, but not in females even though 
females were already higher at baseline (Garvin et al. 
2026). Other studies have also claimed that maternal 
separation induces immediate alterations in stress 
reactivity during the early development, while 
leading to persistent dysregulation of the HPA axis in 
adulthood (Jiang et al. 2025). This concept is essential 
for understanding of both the short- and long-term 
effects of stress on the brain plasticity and adaptive 
mechanisms even in the later stages of the life.

CRH signaling and HPA axis dysregulation  
in ELA

The functioning of the HPA axis is primarily 
directed by CRH from the hypothalamic paraven-
tricular nucleus (PVN) and some other higher-order 
limbic and cortical structures including the PFC, 
the hippocampus, and the amygdala (Herman and 
Cullinan 1997). As mentioned above, ELA activates 
the HPA axis and also exerts long-term effects on its 
regulation with CRH representing one of the principal 

Figure 1. Effects of early-life adversity on neuroendocrine, immune, and microbiota 
systems induced by maternal separation or limited bedding, which leads to dysreg-
ulation of stress-related hormonal systems, alterations in the gut microbiome, and 
chronic inflammatory activation. These changes impair the key neurodevelopmental 
processes including axonal growth, neurogenesis, and neuronal signaling. It provides 
mechanistic insight into the early-life adversity contribution to the increased vulner-
ability to psychiatric disorders later in the human life.



89Vargovic, et al.

regulatory factors involved in this process. In a model 
of periodic maternal separation, the hippocampal 
CRH expression was increased at postnatal days 9–15 
and the hypothalamic CRH from postnatal days 
12–21. It is important to note that the same study 
has shown that maternal separation increased the 
hippocampal and the hypothalamic CRH expression 
in pups, but only transiently, whereas this increase 
persisted in the hypothalamus of adult animals 
(Roque et al. 2022). Not only elevated levels of CRH 
and pro-opiomelanocortin (POMC) in the hypo-
thalamus, but also higher levels of CRH receptors 
(CRHR1 and CRHR2) and lower levels of the GRs 
NR3C1 in the hippocampus have been shown (de 
Almeida Magalhaes et al. 2017). The crucial role of 
CRHR1 signaling in promoting the negative effects 
of ELA on cognitive functions has also been demon-
strated in conditional forebrain CRF1 knock-out 
mice, which were protected from the negative effects 
of early life stress (Wang et al. 2011). Following the 
stress exposure, pups with fragmented maternal 
care showed reduced dendritic outgrowth and spine 
formations in the hippocampal CA3 pyramidal 
neurons along with decreased the hippocampal levels 
of synapse-related proteins (Liao et al. 2014). The 
nectin-3, an adhesion molecule involved in axoden-
dritic interactions and stabilization of synaptic 
contacts, also downregulated in hippocampal 
neurons of ELA animals is likely to be mediated by 
CRH–CRHR1 signaling (Wang et al. 2013). In this 
context, it is important to note that several studies 
have shown that ELA alters long-term potentiation in 
developing the hippocampal circuits with effects that 
vary across the developmental stages and between the 
genders (Derks et al. 2016; Jappy et al. 2025).

Long-term consequences of ELA on CRH 
signaling and behavior

The ELA influences the neurodevelopment by 
inducing a range of neurobiological and behavioral 
changes. While these changes may lead to short-term 
adaptive advantages in high-risk or threatening envi-
ronments, they are often maladaptive in normative 
contexts. Consequently, such alterations are associated 
with an increased risk of chronic physical health 
conditions, psychiatric disorders, and engagement 
in health-risk behaviors across the lifespan (Duffy 
et al. 2018). Exposure to ELA induces endocrine and 
metabolic alterations in adulthood that increase food 
intake and promote overweight in rats (Alcantara-
Alonso et al. 2017). CRH together with urocortins 
(Ucn1 - 3) is known to induce anorexic effects through 

CRHR2 receptor activation. However, maternal 
separation exposed animals in adulthood showed 
increased feeding and weight gain despite increased 
CRH, Ucn2, and CRHR2 mRNA expression in the 
hypothalamic PVN. This discrepancy is likely due 
to CRHR2 resistance to Ucn2 effects and impaired 
receptor function in maternal separation animals, 
which are thought to be caused by chronic stimulation 
by CRH or Ucn2 induced by early-life stress (Alcan-
tara-Alonso et al. 2017).

In adulthood, rats exposed to ELA exhibit 
disrupted sleep-wake behavior. One study points to 
changed dendritic structure, spine loss, and elevated 
CRH–CRHR1 signaling in the accumbens nucleus 
(NAc), which play a critical role in maternal separa-
tion-induced disrupted sleep architecture (Wang et 
al. 2023b). NAc in connection with the basolateral 
amygdala (BLA) also contributes to alterations in 
reward-related behaviors of ELA-exposed mice. 
In males, ELA induced anhedonia-like behavior, 
whereas in females, it enhanced reward motivation 
indicating sex-dependent alterations in reward 
circuitry. Notably, the CRH+/ γ-aminobutyric acid 
(GABA) BLA-NAc projections involved in reward 
behaviors differ structurally and functionally 
between males and females, suggesting a potential 
mechanism underlying the pronounced sex-depen-
dent effects of ELA on reward behavior (Taniguchi 
et al. 2026). CRH plays a pivotal role in regulating 
behavioral responses mediated by the extended 
amygdala, a complex neural network that includes 
the bed nucleus of the stria terminalis (BNST) and 
the central nucleus of the amygdala. CRH signaling 
between the amygdala and BNST has been implicated 
in increased ethanol consumption associated with 
maternal stress. Moreover, the interaction between 
maternal stress and ethanol intake appears to be 
sex-dependent, with females showing greater vulner-
ability (Bonetti Bertagna et al. 2026). Impairments 
in learning and memory emerging later in life as 
consequences of ELA are associated with alterations 
in hippocampal neuron structure and connectivity 
leading to progressive deficits in long-term poten-
tiation (LTP) and spatial memory function, which 
worsen with age. Blocking of the hippocampal 
CRHR1 has been proven to prevent the ELA-induced 
memory and LTP deficits (Short et al. 2020). Memory 
deficits are supposed to be ameliorated by blocking 
CRHR1, which mediates CRH-induced dendritic 
spine and synapse loss by disrupting the actin cyto-
skeleton within spines (Short et al. 2020).

Alterations in anxiety-like and social behaviors in 
chronically maternally separated mice are associated 
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with reduced GR mRNA expression in the brain 
particularly in the amygdala. Restoration of GR 
expression reversed these behavioral abnormali-
ties (Taylor and Kokiko-Cochran 2024). Moreover, 
in male mice exposed to fragmented maternal care, 
increased freezing behavior in a conditioned threat 
paradigm was attenuated by pharmacological 
blockade of GRs further implicating GR signaling in 
stress-induced behavioral dysregulation (Arnett et al. 
2015).

Role of oxytocin in early brain development  
and ELA

The developmental changes of oxytocin and 
oxytocin receptor (OXTR) may interact with the 
HPA axis shaping long-term stress regulation and 
emotional behavior. Oxytocin is a neuropeptide 
produced primarily in the PVN and the hypotha-
lamic supraoptic nuclei (SON) and released both 
peripherally and centrally, where it acts as a neuro-
modulator (Bakos et al. 2016; Aulinas and Lawson 
2025). Beyond its classical roles in parturition and 
lactation, oxytocin is involved in the regulation of 
the stress response and social behavior (Jezova et 
al. 1995; Jurek and Neumann 2018). During early 
brain development, the oxytocin system undergoes 
dynamic maturation characterized by region-specific 
changes in OXTR expression and activity-dependent 
plasticity (Marlin and Froemke 2017; Rokicki et al. 
2022; Li et al. 2025). There are also indications that 
OXTR expression is developmentally regulated with 
levels rising during the prenatal period and peaking 
in early childhood (Rokicki et al. 2022).

Oxytocin is critically involved in mediating 
the maternal effects. For example, Hillerer et al. 
(2011) have demonstrated that changes in oxytocin 
expression occur in parallel with alterations in 
CRH levels during the peripartum period and in 
response to overcrowding stress. It has also been 
shown that oxytocin inhibits hypothalamic CRH 
neurons via OXTR-dependent mechanisms blunting 
stress-induced CORT release (Pati et al. 2020). Thus, 
oxytocin may help regulate excessive HPA axis 
activation particularly during sensitive develop-
mental periods. It is also becoming increasingly clear 
that oxytocin plays a role in shaping the development 
of certain brain structures and may also influence 
stress reactivity later in the life. For example, 
neonatal oxytocin administration alters neurotrophic 
factor expression and produces long-term changes 
in memory performance (Havranek et al. 2015; 
Bukatova et al. 2023). Conversely, ELA paradigms 

such as maternal separation have been shown to 
reduce central oxytocin expression and OXTR 
binding in limbic regions, which may be associated 
with altered HPA axis responses and increased 
anxiety-like behavior in adulthood (Lukas et al. 2010; 
Onaka and Takayanagi 2021). These findings suggest 
that disruptions in oxytocin signaling during critical 
periods may influence the balance between stress 
vulnerability and resilience. Moreover, oxytocin 
modulates GABAergic and dopaminergic neuro-
transmission, thereby influencing the maturation of 
social and reward circuits that are also sensitive to 
glucocorticoid exposure (Marlin and Froemke 2017). 
As discussed above, ELA leads to complex neuro-
plastic alterations in the brain with oxytocin likely 
contributing to these processes across several neural 
circuits. Thus, the effects of ELA primarily maternal 
separation and limited bedding on neuroendocrine 
markers across development show region-specific 
alterations in stress-related hormones, including 
CRH, POMC and oxytocin (Table 1).

ELA-induced immune system dysregulation and 
its impact on brain development

One of the significant contributors to the 
development of the nervous system during early 
postnatal life is the immune system and its 
components. Beyond host defense and regulation 
of the immune response, immune mechanisms 
influence brain development by regulating neuro-
genesis, axonal growth, neuronal migration, synap-
togenesis and synaptic pruning, myelination, circuit 
plasticity, as well as regulation of the brain microenvi-
ronment (Bilbo and Schwarz 2012; Catale et al. 2022, 
Wang et al. 2025). Given this close interplay between 
the immune and nervous systems, alterations in the 
immune function, especially in early life, may directly 
influence nervous system processes and profoundly 
impact physical and mental health (Beurel and 
Nemeroff 2024; Wang et al. 2025).

It has been suggested that greater vulnerability of 
individuals to psychopathology as a result of ELA 
is caused by the presence of inflammation, which 
impacts neuro-immune interactions, while ELÁ s 
effect on inflammation and immune system reactivity 
may be lifelong (Catale et al. 2022). Although the 
association between inflammation and ELA appears 
to be a complex and lacks clearly elucidated underlying 
mechanisms, it likely involves priming of peripheral 
immune cells (e.g., monocytes, macrophages) induced 
by adverse early-life experiences, which initiates and 
sustains inflammation. These immune cells produce 
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higher levels of typical markers of inflammation, such 
as white blood cell count, circulating pro-inflamma-
tory cytokine levels (e.g., interleukins IL-6 and IL-1β; 
tumor necrosis factor - TNF) and the acute phase 
molecule C-reactive protein (CRP) that was found 
in maltreated children or in adolescents exposed to 
adverse childhood experiences, as well as oxidative 
stress molecules found in patients with panic disorder 
who suffered childhood trauma (Surtees et al. 2003; 
Azad et al. 2012; Slopen et al. 2013; Baumeister et al. 
2016; Elwenspoek et al. 2017; Kuhlman et al. 2020; 
Quagliato and Nardi 2022). Although at physiological 
levels, IL-6, TNF-α, transforming growth factor-β 
(TGF-β), and IL-33 support synaptic plasticity, 
synaptic scaling, and microglial homeostasis, their 
chronic elevation disrupts long-term potentiation, 
dendritic spine density, and excitation–inhibition 
balance while promoting microglial overactivation 
(Stellwagen and Malenka 2006; Garay and McAllister 
2010).

Besides monocytes and macrophages, other 
peripheral immune cells also seem to be involved. For 
example, it has been shown that the number of Th17 
and regulatory T cells was increased and NK cell 
numbers decreased in the high liability group with 
childhood trauma (Elwenspoek et al. 2017; Counotte 
et al. 2018; Beurel and Nemeroff 2024). Low NK cell 
activity was also associated with childhood trauma in 
both adolescents with depression or conduct disorder 
(Birmaher et al. 1994). Moreover, Th17 cells promote 
susceptibility to depression after stress and affect 
neuronal circuits in autism (Beurel et al. 2022).

In addition to dysregulation of the peripheral 
immune system, ELA has been associated with 
alterations in immune components in the central 
nervous system (CNS) including microglia, 
astrocytes, and peripheral immune cell populations 
that reside at the brain interfaces whose cell densities 
and morphology were influenced across several brain 
regions (e.g. in the hippocampus, striatum, NAc, PFC, 

Table 1
The effects of early life adversity (ELA) on neuroendocrine markers across development show region-specific alterations in stress-

related hormones

Hormone Effect ELA model/species Brain region/plasma Age Reference
CRH = Limited bedding/mouse PVN adult Wang et al. 2012

central amygdala
↑ Maternal separation/rat PVN P71 Alcantara-Alonso et 

al. 2024= amygdala
= hippocampus
= Limited bedding/rat amygdala P71 Alcantara-Alonso et 

al. 2024↑ hippocampus
↑ PVN
↑ Maternal separation/rat hypothalamus P6, P12, 

P15
Roque et al. 2022

↑ hippocampus
↑ Maternal separation/mouse hypothalamus P21 de Almeida Magalhaes 

et al. 2017
Corticosterone ↑ Maternal separation/rat plasma P71 Alcantara-Alonso et 

al. 2024= Limited bedding/rat

Cortisol ↑ Maternal separation/rat plasma adult Lajud et al. 2012
↑ P21 Roque et al. 2022
= Maternal separation/mouse plasma P45 Bonetti Bertagna et 

al. 2026
OXT ↓ Maternal separation/rat hypothalamus adult Roque et al. 2022

POMC ↑ Maternal separation/mouse hypothalamus P21 de Almeida Magalhaes 
et al. 2017

Ucn2 ↑ Maternal separation/rat PVN P71 Alcantara-Alonso et 
al. 2017

Abbreviations: CRH – corticotropin-releasing hormone; OXT – oxytocin; P – postnatal days; POMC – pro-opiomelanocortin; PVN – 
the paraventricular nucleus of the hypothalamus; Ucn2 – urocortin 2.



92 The early life adversities’ impact on brain development

amygdala or hypothalamus) after early-life stress 
(Jorgensen et al. 2025). These immune cells produce 
a wide range of signaling molecules including 
cytokines, chemokines, complement proteins, and 
trophic factors as well as their receptors, which 
contribute to processes associated with neurodevel-
opment (Wang et al. 2025) and which levels were also 
altered after ELA. For example, in rats, it was found 
that early-life infection with E. coli leads to long-term 
sensitization/priming of microglia within the brain 
(Bland et al. 2010; Bilbo and Schwarz 2012). Also in 
astrocytes, mitochondrial oxidative phosphoryla-
tion dysfunction is associated with a disrupted lipid 
homeostasis in the brain leading to synaptic loss, 
neuroinflammation, demyelination, and cognitive 
impairment. Such mitochondrial dysfunction within 
reactive astrogliosis represents a potential central 
mechanism underlying neurodegenerative diseases 
(Habib et al. 2020).

Overall, the above-mentioned findings indicate 
that ELA may impair neuro-immune interactions 
essential for neurodevelopment with effects that may 
persist well beyond the developmental period and 
contribute to heightened susceptibility to cognitive, 
emotional, and psychiatric disorders later in the life.

ELA-associated dysbiosis and its effects on brain 
development

Increasing evidence indicates that the early-life 
microbiota contributes to brain development through 
the microbiota-gut-brain axis, a bidirectional commu-
nication system involving neural, immune, endocrine, 
and metabolic pathways (Cryan et al. 2019; Wang et 
al. 2023a). ELA may disrupt this system and influence 
neurodevelopmental outcomes (Morais et al. 2021). 
Several microbial taxa have been associated with 
neurodevelopment in infancy. Higher abundance of 
Bacteroides and Bifidobacterium has frequently been 
linked to more favorable cognitive and behavioral 
development in humans (Carlson et al. 2018). These 
genera are common in the infant gut and are involved 
in the metabolism of human milk oligosaccharides 
contributing to the production of short-chain fatty 
acids (SCFAs) and essential micronutrients that 
support host metabolism and immune maturation 
(Wang et al. 2023a). SCFAs have also been shown 
to modulate immune responses, maintain blood–
brain barrier integrity, influence neuronal signaling 
processes including neurotransmitter release, synaptic 
plasticity, and learning-related mechanisms (Stilling 
et al. 2016; Dalile et al. 2019), as well as microglial 
maturation and may promote proliferation of neural 

precursor cells (Erny et al. 2015; Cryan et al. 2019). 
Other microbial taxa including Lachnospiraceae, 
Streptococcus, and Faecalibacterium, have shown 
more variable associations with neurodevelopmental 
outcomes (Carlson et al. 2018).

ELA may alter the composition and diversity of 
gut microbiota, a condition commonly referred to 
as dysbiosis. Stress-induced physiological changes, 
such as altered gut motility, intestinal perme-
ability, and mucosal immunity modify the intestinal 
environment and influence microbial communities 
(Beurel and Nemeroff 2024). Experimental models 
of maternal separation and early stress demonstrate 
decreased levels of beneficial genera such as Bifidobac-
terium and Lactobacillus and increased abundance 
of potentially pro-inflammatory bacteria (Foster 
et al. 2017; Callaghan et al. 2020). These immune 
signals influence microglial activation and neuro-
inflammatory processes in the developing brain, 
which are crucial regulators of synaptic pruning and 
neural circuit formation (Erny et al. 2015). Chronic 
low-grade inflammation during development 
may therefore contribute to long-term changes in 
cognition, emotional regulation, and behavior.

Experimental and human studies suggest that 
individuals exposed to ELA show measurable 
alterations in gut microbial profiles and associated 
metabolic pathways linked to brain functional 
connectivity, neural circuit modulation, and 
emotional regulation (Coley et al. 2021). Immune 
signaling generated in the gut may influence 
brain function by interacting with microglia, the 
resident immune cells of the CNS responsible for 
synaptic pruning and neural circuit refinement 
during development (Erny et al. 2015; Cryan et al. 
2019). ELA-associated dysbiosis characterized by a 
reduction in SCFA-producing taxa such as Clostridia 
and Bifidobacterium and an expansion of pro-
inflammatory microbes including Proteobacteria and 
segmented filamentous bacteria may skew immune 
differentiation toward pro-inflammatory Th17 cells, 
while reducing regulatory T cells, thereby promoting 
systemic and neuroinflammatory signaling pathways 
that may influence neurodevelopment (Wang et al. 
2024; Zhang et al. 2024).

Neuropeptides and endocrine signals are integral 
to bidirectional communication within the micro-
biota-gut-brain axis, thereby contributing to the 
mediation of ELA-induced effects on neurodevelop-
ment. Early disruptions of the gut microbiome may 
alter HPA signaling and stress-hormone regulation, 
influencing neuroimmune development and brain 
maturation (Wang et al. 2023a; Schneider et al. 
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2024). Neuropeptides such as oxytocin are also 
involved, as certain gut microbes (e.g., Lactobacillus 
reuteri) may stimulate oxytocinergic pathways that 
regulate social behavior, stress resilience, and neural 
development (Varian et al. 2023). Additionally, 
microbial metabolites and early gut inflammation 
may influence endocrine and sex-hormone signaling, 
further shaping neurodevelopmental outcomes and 
behavioral responses to stress (Sullivan et al. 2025).

Conclusion and future orientation

ELA affects several neuroendocrine parameters 
during both early development and adulthood. A 
critical feature of these alterations is the reactivity 
of the HPA axis to environmental stimuli, which 
may become dysregulated leading to exaggerated or 
maladaptive stress responses. Structural changes in 
the brain also appear to be an important component 
of ELA-related adaptations including alterations in 
neurite growth, dendritic arborization, and connec-
tivity within the neural circuits. In addition, the 
neuroendocrine components including neuropep-
tides like oxytocin as well as steroid hormones cortisol 
and CORT play an important role in adaptive changes 
in the brain during the early stages of development.

The complex interactions between the early 
immune alterations and the changes in microbiota 
represent an additional level of regulation that 
remains to be insufficiently understood due to the 

considerable variability represented across different 
studies and experimental models. Although recent 
studies indicate potential sex differences in the conse-
quences of ELA, accumulating evidence suggests that 
context-dependent factors and the specific nature and 
timing of stress exposure may play a more significant 
role in shaping HPA-axis reactivity. The individuals 
appear to differ markedly in their sensitivity to 
ELA highlighting the importance of investigating 
mechanisms of resilience, which may explain why a 
subset of individuals shows relative resistance to the 
long-term effects of the early adversity.

Future studies should prioritize the identifica-
tion of sex-specific mechanisms, critical develop-
mental windows, and the biological basis of resilience 
following ELA. Established experimental rodent 
models, such as maternal separation and limited 
bedding, offer valuable and well-defined frameworks 
for the elucidation of these processes.
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