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[Abstract )
This article introduces an original theory on the embryological origin of allostasis, challenging the classical
view that situates its emergence primarily in postnatal neuroendocrine systems. We propose that allostasis
begins during early embryogenesis through a hierarchical cascade of primary organizers. The Nieuwkoop
center initiates this process by inducing the Spemann—Mangold organizer, which establishes the first integra-
tive morphogenetic field via gradients of BMP antagonists, defining the dorsoventral axis and neural plate
specification. From this organizer arises the notochord, functioning as a centralized morphogenetic hub that
emits Sonic Hedgehog (Shh) and other signals to orchestrate the development of precursors for the Psycho-
logical, Immunological, Neurological, and Endocrine (PINE) systems. These systems form the foundational
architecture for lifelong adaptive regulation. Perinatal epigenetic programming acts as a transversal mem-
ory mechanism, stabilizing and calibrating this design while preserving plasticity across the lifespan. In this
framework, resilience represents the optimal expression of an integrated allostatic system. This perspective
redefines allostasis as the functional continuation of embryonic principles of morphogenesis and opens new
avenues for predictive and preventive strategies targeting the developmental origins of health and disease.
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Introduction

The Embryological Origin of the Allostatic System: An Inte-
grative Theory of Morphogenetic Programming and Adaptation
Allostasis—the process by which the organism anticipates and
actively responds to challenges to maintain stability—has tradi-
tionally been conceptualized as a phenomenon rooted in postna-
tal neuroendocrine systems. However, this perspective fails to
explain the integrative complexity originating in the earliest em-
bryonic stages, which anticipates the adult organism's adaptive
architecture. This narrative review proposes that the allostatic
system originates during embryogenesis, emerging from a cas-
cade of primary organizers that establish the foundational blue-
print for the adult's Psychological, Immunological, Neurologi-
cal, and Endocrine (PINE) systems. This foundational blueprint
is executed and maintained by a core set of conserved morpho-
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genetic signaling pathways. The Spemann-Mangold organizer
establishes the initial dorsal-ventral pattern largely through an-
tagonists of the Bone Morphogenetic Protein (BMP)/Transform-
ing Growth Factor-beta (TGF-B) pathway.

Subsequently, the notochord, as a central signaling hub, secretes
key morphogens like Sonic Hedgehog (Shh), which patterns the
ventral neural tube and somites. Concurrently, Wnt signaling
pathways are critical for establishing the anterior-posterior axis,
neural patterning, and cell fate decisions. These pathways—Shh,
Wnt, and BMP/TGF-—do not operate in isolation but form an
interactive signaling network that provides the precise positional
information necessary to build the integrated body plan. This
morphogenetic program is not solely biochemical. The physical
forces of development—tension, compression, and shear—are
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sensed and transduced by mechanoreceptor pathways like the
Hippo/YAP-TAZ axis, which integrates these mechanical cues
with the biochemical gradients to regulate growth and form.
Crucially, the logic of these embryonic pathways is not discard-
ed but co-opted for adult adaptive physiology. For instance, the
mammalian Target of Rapamycin (mTOR) pathway, a master
regulator of cell growth, metabolism, and protein translation
in response to nutrients and stress, is deeply involved in syn-
aptic plasticity, immune cell function, and endocrine signaling.
Its activity can be influenced by upstream inputs from the very
pathways that shaped the embryo, such as Wnt and Hedgehog
signaling, creating a conserved molecular bridge from develop-

mental patterning to lifelong homeostasis and allostatic regula-
tion. This review integrates evidence from developmental biol-
ogy, molecular signaling, mechanotransduction, and perinatal
epigenetic programming to argue that allostasis is the functional
continuation of this embryonic morphogenetic design. The set-
points and reactivity of this system are durably calibrated by
perinatal epigenetic programming, which modulates the expres-
sion of genes within these core pathways. Recognizing this onto-
genetic continuity provides a powerful biosystemic framework
for understanding health, disease susceptibility, and resilience
as emergent properties of a system whose operational logic is
established during the very formation of the organism.

Embryonic

Embryological Origin of Allostastis

Nieuwkoop
center

Epigenetic
programming e

o

Resilience

Figure 1: Conceptual diagram illustrating the embryological origin of the allostatic system. The cascade begins with the Nieu-
wkoop center, followed by the Spemann—Mangold organizer and the notochord, which orchestrates the development of precursors
for PINE systems (Psychological, Immunological, Neurological, Endocrine). Epigenetic programming bridges early morphogenet-

ic signals with lifelong resilience. Original figure created by the author with Al assistance.

Methods

Methods: Critical Narrative Review for an Original Theoretical

Synthesis

Design and Objective: A critical narrative review was conduct-

ed to integrate transdisciplinary evidence to build and propose

a new theoretical framework: that the allostatic system has an

embryological origin in primary morphogenetic organizers and

is durably programmed by epigenetic mechanisms. Unlike a

systematic review, this approach allows for an interpretive and

theoretical synthesis of the literature, appropriate for develop-
ing novel conceptual models. Search Strategy: The databases

PubMed/MEDLINE, Web of Science, and Scopus were consult-

ed to identify relevant literature, without rigid date restrictions

but with an emphasis on seminal works and recent advances.

The search was iterative and guided by the development of the

theoretical framework, using term combinations from the fol-

lowing domains:

*  Embryology & Development: "Spemann organizer", "Nieu-
wkoop center", notochord, "morphogen gradient”, "body
axis formation".

*  Molecular & Epigenetic Mechanisms: "Sonic Hedgehog",
"Hippo pathway", YAP/TAZ, "Wnt signaling",

e "epigenetic programming", "DNA methylation", "histone
modification", "NR3C1", "perinatal stress".

* Integrative Physiology & Allostasis: allostasis, "HPA axis",
resilience, "biological embedding", "allostatic load", PINE
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systems.

Selection and Synthesis: Literature selection was directed by

the principal investigator, prioritizing:

1. Seminal and high-impact articles defining key concepts
(e.g., Stemple, 2005, on the notochord; Meaney, 2010, on
epigenetic programming).

2. Experimental studies and reviews that document mechanis-
tic connections between developmental processes, molecu-
lar signaling (including pathways such as Shh, Wnt, Hippo),
and postnatal physiological outcomes.

3. Literature enabling the identification of conceptual bridges
between traditionally separate disciplines, particularly be-
tween developmental biology, epigenetics, and stress phys-
iology.

The synthesis process was interpretive and constructive. A linear

data extraction protocol was not followed; instead, evidence was

analyzed transversally to:

e Identify functional isomorphisms (e.g., the notochord and
hypothalamus as hierarchical signaling centers; morpho-
gens and hormones as gradient messengers).

e Trace molecular and epigenetic continuities (e.g., the reuti-
lization of the Hippo/YAP-TAZ pathway; the role of DNA
methylation as a mechanism of biological memory from de-
velopment to adulthood).

*  Analyze the programming role of epigenetics: Literature
on perinatal epigenetic programming was specifically ex-
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amined to conceptualize its function at three levels: as a
stabilizer of cell fate during morphogenesis, as a calibrator
of stress-response system setpoints, and as a substrate for
plasticity underlying adult resilience.

e Integrate inductively these findings into the original logi-
cal sequence that constitutes the core contribution of this
review: Embryonic Organizers — Integrated PINE Archi-
tecture — Perinatal Epigenetic Programming — Allostatic
System — Resilience.

Methodological Limitations: By nature, a narrative review
may be subject to selection bias and does not provide a quan-
tifiable assessment of all available evidence. Its strength lies in
the ability to generate new perspectives, theoretical frameworks,
and testable hypotheses, rather than exhaustively summarizing
an established field.

Results

Guided by the principles of a critical narrative review, the syn-
thesis of transdisciplinary evidence led to the construction of an
original conceptual model positing an embryological and epi-
genetically programmed origin for the allostatic system [1, 2].
The interpretive and constructive synthesis process revealed a
coherent narrative organized around three foundational, epige-
netically interconnected pillars that articulate a coherent onto-
genetic continuity.

1. Architecture of an Ancestral Organizing Hierarchy: The
Genomic and Epigenetic ""Command Center"

The analysis established the conserved, hierarchical induction
cascade from the Nieuwkoop center to the Spemann-Mangold
organizer and finally to the notochord [2, 3]. The critical inter-
pretive leap was recognizing this axis as the embryo's first "com-
mand center" that establishes a spatial hierarchy of genomic reg-
ulation. This organizer secretes BMP antagonists (e.g., Noggin,
Chordin), creating a permissive morphogenetic field [4]. Cru-
cially, the positional information provided by these morphogen
gradients triggers specific epigenetic programs in target cells.
For instance, the dorsal-ventral patterning leads to cell-type-spe-
cific histone modifications and DNA methylation patterns that
lock in cell fates. Thus, the Spemann-Mangold organizer ini-
tiates the first large-scale epigenetic patterning of the embryo,
using morphogen gradients to write a spatial code of epigenetic
memory that prefigures the body plan [5].

From this organizer arises the notochord, which serves as the di-
rect epigenetic successor and executor of this command function
[1]. By secreting Sonic Hedgehog (Shh), it provides a persistent
signal that not only patterns tissues but also directs the epigenetic
landscape of surrounding cells. Shh signaling is known to reg-
ulate histone modifiers and DNA methyltransferases, ensuring
that cell identities are epigenetically stabilized and maintained.
Therefore, the dorsal organizing axis is the first instantiation of
an integrated epigenetic regulatory system, where a central au-
thority emits signals that coordinately shape both tissue fate and
its accompanying epigenetic memory—a foundational blueprint
for lifelong physiological regulation. A paradigmatic example
supporting this integrative view is cardiogenesis, where the fu-
sion of heart fields is mechanically and molecularly guided by
this dorsal axis [5, 6].
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2. Molecular and Epigenetic Continuity: The Substrate of

Ontogenetic Memory and Plasticity

The analysis identified conserved signaling pathways reused

across life stages, with epigenetic mechanisms serving as the

continuous thread.

*  Morphogen Signaling and Epigenetic Stabilization: The
Sonic Hedgehog (Shh) pathway, originating from the no-
tochord, is a master regulator of patterning [7]. Its role ex-
tends to orchestrating epigenetic changes that lock in cell
identities during development. In the adult brain, Shh-me-
diated hippocampal neurogenesis and synaptic plasticity are
equally dependent on dynamic epigenetic regulation (Bel-
gacem et al., 2016), demonstrating the pathway's consistent
coupling with epigenetic mechanisms.

*  Mechanotransduction and Epigenetic Memory of Force:
The Hippo/YAP-TAZ pathway is a central mechano-epi-
genetic bridge [8, 9]. During embryogenesis, it translates
mechanical forces into changes in gene expression, often
by directly influencing epigenetic regulators [10]. In adult
tissues, this allows past mechanical stress to leave an "epi-
genetic memory", priming cells for future responses and
contributing to systemic homeostasis [11].

*  Perinatal Programming: The Critical Window for Systemic
Calibration: The synthesis foregrounded perinatal epigen-
etic programming as the definitive calibration phase [12,
13]. Environmental signals during this sensitive period lead
to durable epigenetic modifications in genes central to the
PINE systems. Hypermethylation of the glucocorticoid re-
ceptor gene (NR3Cl1) in response to early-life stress is the
paradigmatic example, recalibrating the setpoint of the HPA
axis for life. These "secondary" epigenetic imprints fine-
tune the foundational architecture laid down by the orga-
nizers.

3. Systemic Integration and the Emergence of the PINE

Framework: An Epigenetically Woven Network

The synthesis demonstrates that embryonic organizers induce a

coordinately regulated system with a shared epigenetic history

[1-5]. The notochord guides the development of neural, endo-

crine, and immune precursors. This early coding of interaction

means their future communication (the PINE network) is facil-
itated by a degree of epigenetic coherency established at their
origin.

Therefore, the core theoretical contribution of this review is the
refined sequence: Embryonic Organizers — Epigenetically Pro-
grammed PINE Architecture — Allostatic System — Resilience.
Resilience is reconceptualized as the emergent property of an
efficiently communicating PINE network, whose capacity is de-
termined by the robustness of its initial epigenetic patterning and
the adaptive precision of its perinatal epigenetic calibration [14].
It represents the optimal functional output of a design where ge-
netic instruction, morphogenetic signaling, and epigenetic pro-
gramming are inextricably linked from the first cell fate decision
onwards.

Discussion

The synthesis presented robustly supports the central hypothesis
that the allostatic system constitutes an ontogenetic continuum
rather than a de novo postnatal construction [15]. This perspec-
tive reframes the question from "how does the brain respond to
stress?" to "how does the foundational architecture of the entire
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organism embed, through epigenetic programming, a pre-adap-
tive logic for future physiological regulation?" The proposed
sequence—Nieuwkoop center — Spemann organizer — Noto-
chord—is revealed not merely as a chain of tissue specification
but as the establishment of a "master regulatory axis." This axis,
operating through morphogen gradients and mechanotransduc-
tion, epigenetically encodes the hierarchical topology and the
intrinsic capacity for inter-systemic communication within the
future Psychological, Immunological, Neurological, and Endo-
crine (PINE) networks.

Consequently, this model forces a profound reconceptualization
of allostasis. It is no longer sufficient to view it as a reactive neu-
roendocrine cascade. Instead, it must be understood as the adult
functional extension of the original morphogenetic design, a
lifelong unfolding of a regulatory "epigenetic software" installed
upon the organism's "genetic hardware" during embryogenesis
and continuously updated by experience [16]. The brain inherits
the notochord's integrative role, but its function is now under-
stood as being executed upon and modulated by the epigenetic
landscape established by that very axis. Epigenetics as the Uni-
fying Correlative Mechanism: From Design to Phenotype

The core advancement of this framework is positioning epigene-

tic programming as the indispensable correlative and causal link

at every level of the proposed continuum. It is the mechanism
that:

1. Transcribes the Morphogenetic Code into Cellu-
lar Memory: The gradients of Shh, BMP, and Wnt from
the organizers do not just induce cell fates; they trigger
cell-type-specific epigenetic programs (histone modifi-
cations, DNA methylation) that lock those fates in place,
translating transient signals into permanent cellular identity.

2. Correlates Early Experience with Lifelong Physiology:
The model provides a mechanistic bridge for the well-es-
tablished correlations between perinatal adversity and adult
disease [17]. It posits that experiences like maternal stress
do not cause dysfunction ex nihilo; instead, they epigeneti-
cally recalibrate the setpoints (e.g., via NR3C1 methylation)
of the PINE systems whose basic architecture was already
laid down by the master axis [12, 13]. The "correlation" is,
in fact, a direct molecular inscription of the environment
onto the developmental blueprint.

3. Links Molecular Pathways Across the Lifespan: The re-
utilization of pathways like Hippo/YAP-TAZ and Shh from
development to adulthood is effective precisely because
they are epigenetically regulated. Their activity in an adult
neuron or immune cell is contingent upon the epigenetic
state of their regulatory genes, a state initially determined
during their embryonic patterning.

Reconciling the Model with Existing Paradigms and Intro-

ducing Novel Implications

This epigenetically-centered framework necessitates a dialogue

with established theories:

e Beyond the "3-Hit" Hypothesis: Our model redefines the
"first hit" (genetic predisposition) as a "predisposed epigen-
etic landscape" established by the master axis. The "second
hit" (early-life adversity) then writes directly onto this epi-
genetic substrate, making the interaction between genes and
environment not a collision, but a sequential layering of in-

Page No: 04 /

www.mKkscienceset.com

formation on the same molecular médium [18-20].

*  Predictive and Preventive Potential: The search for develop-
mental etiology biomarkers becomes primarily an epigene-
tic pursuit. The most promising biomarkers are not static
SNPs, but dynamic epigenetic signatures (e.g., methylation
profiles of Hedgehog or Hippo pathway target genes, his-
tone marks in neural crest-derived cell lineages) that reflect
both the integrity of initial programming and the impact of
early calibration.

* Redefining Resilience as Epigenetic Adaptive Capacity:
Resilience is operationally defined here as the positive ex-
pression of an epigenetically efficient allostatic system. It
is characterized not just by optimal PINE communication,
but by optimal epigenetic plasticity—the system's ability to
undergo adaptive epigenetic changes in response to chal-
lenge and then return to a healthy baseline. Chronic allostat-
ic load, in contrast, may be characterized by epigenetic ri-
gidity (failure to adapt) or epigenetic erosion (maladaptive,
permanent changes).

* Implications for Disease Nosology: This model predicts
that diseases of allostatic overload will show distinct, sys-
tem-specific epigenetic fingerprints traceable to vulnerabil-
ities in specific parts of the PINE network and, ultimately,
to their developmental origins. A mood disorder and an au-
toimmune disease might share a root in aberrant early epi-
genetic patterning of the neuro-immune axis, but manifest
differently based on which cellular lineage's epigenome was
most affected.

Addressing Limitations and Charting a Roadmap for Future

Research

We acknowledge the inherent limitations of a narrative synthe-

sis. Its strength lies in generating novel, testable hypotheses that

place epigenetics at the center:

1. Experimental Embryology & Epigenetic Phenotyping: Fu-
ture studies must perturb the master axis (e.g., Shh signal-
ing) and track the cascade of epigenetic changes (e.g., via
ChIP-seq, whole-genome bisulfite sequencing) in target tis-
sues, linking them to adult allostatic phenotypes.

2. Translational Epigenetic Biomarker Discovery: The priority
is epigenome-wide association studies (EWAS) in longitu-
dinal cohorts, specifically interrogating genomic regions
regulated by developmental pathways (Shh, Wnt, Hippo
targets) for associations with integrated PINE outcomes.

3. Intervention Science Targeting Epigenetic Calibration: In-
terventions should aim to promote a resilient epigenetic
landscape. This includes nutritional (e.g., folate, choline for
methyl donor supply) and psychosocial (e.g., enriched care-
giving) strategies that support optimal epigenetic regulation
during sensitive perinatal windows.

Conclusion

This review proposes a biosystemic, diachronic, and epige-
netically-centered framework. It fundamentally repositions the
embryonic organizer cascade as the ontological source of the
allostatic system, with epigenetic programming as the continu-
ous thread of biological memory that weaves the design into a
functional, adaptable phenotype. By tracing this line, we provide
a unifying narrative that recasts health and disease as lifelong
trajectories of epigenetic adaptation, charted from the first prin-
ciples of biological form and calibrated by early experience. It
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inextricably binds embryology, the study of form, to epigenetics,
the study of gene regulation, and to physiology, the study of
function.
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