Journal of Al-Turath University College (JATUC) Vol.43.No.2.2026, pp.335-345

Journal of Al-Turath University College (JATUC) fefRleslg
Open Access Journal AL-TU RATH
ISSN: 2074-5621 " UNIVERSITY

DOI: https://doi.org/10.63964/JATUC.43.2.2026.59
https://jatuc.uoturath.edu.iq/

Embryonic Groundwork of Histological Architecture and Implication on
Physiology: Developmental Physiological Integration: A Review

Zainab Hasan Majeed "' I, Rajaa Mosa Ismail "= 2
1.2 Department of Biology, College of Education for Pure Science, Kirkuk University, Kirkuk, Iraq

*Correspondence email: zaiynab.hassan@uokirkuk.edu.iq

KEYWORDS
ABSTRACT

Embryogenesis; Tissue
architecture; Germ layers; | During embryogenesis, the structural organization of tissues in the human body can be
Morphogenesis; ) essentially specified, with the use of the most coordinated cell specification,
Organogenesis; Epigenetics. . . .

morphogenesis, and spatial patterning. The three germ layers are ectoderm, mesoderm
and endoderm that make up the developmental blueprint of all tissues and organ systems.
At the microscopic and macroscopic level, the tissue architecture is shaped by early
molecular gradients, epigenetic programming and biomechanical forces, which are
structural prerequisites for physiological specialization. This review discusses in detail
the developmental basis of tissue architecture and critically examines the role of
developmental patterning in shaping adult physiological function. Specific attention is
given to specification of germ layer, signaling networks, epithelial such as mesenchymal
interactions, organogenesis, vascularization, and neurofunctional integration. Moreover,
the translational uses of developmental biology in congenital pathology, regenerative
medicine, and systems physiology are addressed. Knowledge of the developmental
determinants of the tissue structure provides a coherent structure that connects
embryology, histology, physiology and clinical medicine.

© 2026.This is an open access_article under the CC by licenses http://creativecommons.org/licenses/by/4.0

1. INTRODUCTION

The embryonic development constitutes one of the most advanced biological processes as the initial fertilized
cell develops into a multicellular organism that is structure-organized and functionally differentiated into tissues
[1]. This change is controlled by genetic, molecular and biomechanical processes that are strictly gated by factors
that, as a whole, dictate the spatial distribution and the identity of cells [2]. Adult tissue architecture is consequently
not random; instead, it is the resultant product of genetically coordinated developmental processes initiated during
fertilization and progressing during gastrulation, neurulation and organogenesis [3].

One major tenet of integrative biology is that structure defines function. But this principle can obtain its real
explanatory force only when studied in a developmental perspective [4]. The architecture of tissues is determined
by cell polarity, composition of the extracellular matrix, vascularization, innervation, and three-dimensional
organization, and begins in the embryo during embryogenesis [5]. The early physiological decisions are therefore
expressed in the physiological functioning in adulthood [6].

The latter has been supported by recent progress in molecular embryology, stem cell biology, and systems
physiology to suggest that adult disease vulnerability and capacity are developmentally determined [7]. This
functional-developmental continuum emphasizes the fact that the physiological performance and pathological
conditions can only be explained in terms of embryological underpinnings [8].
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2. EARLY EMBRYOGENESIS: FROM FERTILIZATION AND TOTIPOTENCY TO THE
DEVELOPMENTAL BLUEPRINT

The process of embryogenesis starts at fertilization; the zygote, a totipotent cell, is produced, which can produce
all embryonic and extraembryonic tissues [9]. The divisions form a cleavage and then a blastocyst, which consists
of the inner cell mass (ICM) and the trophoblast [10]. The pluripotent cells of the ICM will produce the embryo
proper [11].

The first separation is the first axis of differentiation and is responsible for defining lineage commitment and
cellular competence [12]. The geometrical arrangement of the blastocyst is a prelude to subsequent tissue structure,
with stress on structural asymmetry preceding functional specialization [13].

3. GASTRULATION AND GERM LAYER FORMATION

The last step in embryonic patterning is called gastrulation, during which cells from the epiblast pass through the
primitive streak to give rise to the trilaminar embryonic disc consisting of three germ layers: ectoderm, mesoderm,
and endoderm [14]. This is a key step in the organization of the main body plan, and precisely establishes the anterior-
posterior axis, dorsal-ventral and left-right axis of the developing embryo [15]. Complex morphogen gradients and
networks of transcription factors control this spatial organisation at the molecular level, and coordinate spatiotemporal
gene expression and cell fate specification [16]. Overall, these three germ layers provide the initial scaffolding, that
is, a direct connection between early embryo patterning and the specialized architecture and functional complexity of
adult tissues, as shown in Figure 1[17].
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Fig. 1. Timeline of Early Embryogenesis and Gastrulation.

The upper panel shows the early stages of development from fertilization to cleavage divisions and forming
the inner cell mass (ICM) of the blastocyst. The lower panel shows the process of gastrulation with cells migrating
through the primitive streak to form the trilaminar embryonic disc (ectoderm, mesoderm, endoderm). The diagram
illustrates the particular derivatives of the adult tissues and the formation of the major axes of the body (front-rear,
top-bottom, and left-right). Created using BioRender.com, integrating its built-in Artificial Intelligence (AI)
generation tools.

336



Journal of Al-Turath University College (JATUC) Vol.43.No.2.2026, pp.335-345

4. ECTODERMAL DERIVATIVES AND NEUROEPITHELIAL SPECIALIZATION: NEURAL
INDUCTION AND CENTRAL NERVOUS SYSTEM FORMATION

A key step in this process is the commitment of the neuroectoderm, and further, this will be followed by the
formation of the neural plate, which will then fold and close to form the neural tube [18]. The additional
regionalization of this tube leads to an increase in the morphogenesis of the brain vesicles and lengthening of the
spinal cord [19]. The basic structure of the C.N.S is based on the intrinsic organization of the neuroepithelial cells,
which are characterized by an apical-basal polarity, characteristic of the organization of the ventricular zones and
the layered cortices [20]. The radial glial scaffold further defines this spatial plan as it provides the scaffolding
necessary for the direction of migration of newly born neurons and is crucial to the laminar architecture that
underlies precise synaptic integration [21]. Lastly, this structural organization holds physiological implications:
functional differentiation of the various regions of the cortex critically relies on the arrangement of connections
among the various layers; developmental specification of the voltage-gated ion channels configuration is important
for the timing when the membrane becomes excitable, and the brain starts sending information to each other through
synapses. Myelination is also a functional maturation which greatly increases the conduction velocity of axons and
allows for the synchronized coordination of the activities of complex neural network systems [23].

Simultaneously, neurulation produces neural crest cells, which are a transient multipotent cell population that
comes from the dorsal edge of the closing neural tube [24]. These cells become highly migratory upon undergoing
an epithelial-mesenchymal transition (EMT) and spread according to precise embryonic routes directed by a
complex network of molecular signals such as chemotactic gradients, cell adhesion molecules and interactions with
the extracellular matrix [25,26]. The neural crest cells take part in a broad and fascinating distribution, which has
led to their derivatives being involved in the formation of a remarkable spectrum of peripheral sensory and
autonomic ganglia, Schwann cells, melanocytes, the adrenal medulla, and the cartilage and bone of craniofacial
structures, demonstrating their predominant role in establishing the structural complexity of numerous organ
systems [28, 27]. Their functional roles are enormous as they contribute to the development of functional sensory -
motor reflex loops and efficient impulse conduction in peripheral nervous system through the role in peripheral
ganglia and Schwann cells [29]. In addition, they are incorporated into the enteric nervous system to coordinate
intestinal motility and metabolic functions autonomously, and they are differentiated into melanocytes that give
pigment to the skin to protect from UV-induced photodamage [30]. From the structural point of view their
craniofacial skeletal derivatives offer mechanical support for respiration, mastication and speech [31]. Therefore,
failures in neural crest specification, migration or differentiation cause serious congenital neurocristopathies,
including pigment abnormalities, intestinal aganglionosis (Hirschsprung disease), and craniofacial defects
highlighting the far-reaching physiological consequences of this lineage [32].

Together, the rest of the surface ectoderm differentiates along a different route to form the stratified squamous
epithelium that will make up the epidermis of the skin [33]. This morphogenetic process involves the progressive
differentiation of cells from the basal proliferating layer to the superficial keratinized layers and generates a
multilayered epithelial covering that is well suited to deal with environmental exposure [34, 35]. The barrier is
architecturally highly stratified, and the keratinocyte cells are tightly connected to one another by strong
desmosomal and tight junctions [36]. The sequential assembly of keratinized proteins into the intercellular matrix
and the cornification of the terminal keratin at the end of each unit leads to a thick barrier, which is selectively
permeable and mechanically resistant, forming the outer barrier [37]. This special tissue structure has important
physiological significance and provides strong mechanical protection against external mechanical and microbial
stresses [38]. In addition, it plays an active regulatory role in thermoregulation by controlling sweat gland function
and peripheral vascular reactions [39] and it also inhibits excessive sweating to prevent loss of fluid and electrolytes
from the body and therefore prevents disturbance of systemic fluid and electrolyte balance [40].

5. MESODERMAL PATTERNING AND SYSTEMIC INTEGRATION: PARAXIAL MESODERM AND
SOMITOGENESIS

The paraxial mesoderm is responsible for the formation of a ventro-dorsal series of segments, called somite’s,
along the cranio-caudal axis, which are the basic segments of embryonic segmentation [41]. Within each of the
somites, there are three different lineages of cells: the sclerotome, myotome, and dermatome [42] that together form
the basic skeletal plan for the axial musculoskeletal organization [43]. This concept of segmental patterning has
been adopted for the precise alignment of the vertebral bodies together with their associated skeletal muscles and
overlying dermis, from an architectural point of view [44]. They are spatially coordinated to produce structural
symmetry and biomechanical stability, resulting in a highly synchronized musculoskeletal system of biomechanical
forces that are conducive to functional movement along the skeleton axis [45]. Such somite-derived muscles are
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innervated in segments, which gives rise to the physiologic organization of voluntary motor activity [46]. The exact
anatomical layout of this localization enables the fine proprioceptive information to be transmitted via sensorimotor
pathways, which are coordinated [47], and the early developmental segmentation is an anatomical basis for adult
locomotion and postural control [48].

Simultaneously, the formation of cardiac morphogenesis begins in the cardiogenic mesoderm, and during
primitive organogenesis, the primary heart tube loops, forms chambers, and is divided into two by septation [49].
They are complex morphogenetic movements which establish the spatial orientation and specific identity of cardiac
chambers [50] and contribute to the structural remodeling of the immature heart into an organ that pumps systemic
blood circulation [51]. The architectural features during early development include myocardial trabeculation that
increases the internal surface area and also raises the contractile capacity [52]. The heart is further subdivided by
means of subsequent septation, which ensures that oxygenated and deoxygenated blood remain physically apart
[53], and the coordinated contraction of the heart is structurally supported by the coordinated alignment of
myocardial fibers [54]. The physiological results of this design are dramatic: the hemodynamic workload of the
heart depends completely on the chamber and valve shapes determined structurally [55]. Moreover, the cardiac
conduction system differentiation is critical for the production and propagation of rhythmic electrical signals [56]
and showcases that cardiac architecture is a direct cause of the circulatory competence [57].

Concurrently, a system of homeostasis and adaptive defenses is formed: First, hematopoietic stem cells are
produced in the hemogenic endothelium of the embryo; later, the organs of definitive hematopoiesis develop and
are colonized and activated by these cells [58]. These undifferentiated cells have the ability for unlimited self-
renewal and immunogenicity and can expand into different cell lineages [58]. These lineages differentiate to form
erythrocytes, leukocytes and platelets, which have structural and morphological specializations that enable them to
carry out extremely specific systemic functions, namely oxygenation, immune protection and hemostasis,
respectively [59]. This cellular heterogeneity gives rise to the framework needed to maintain systemic homeostasis
and adaptive immune responses throughout life [59].

Finally, the intermediate mesoderm induces the development of the excretory system by inducing and
reciprocating inductive signals from the metanephric mesenchyme to the epithelial ureteric bud, the latter inducing
nephrogenesis and spatial cell organization [60]. This reciprocal cross-talk sets the defining structural plan for the
mature kidney, which involves the organization of the segmented nephron (glomerulus, proximal tubule, loop of
Henle, and distal tubule) into a functional continuum [61]. This fine structural compartmentalization allows to
selectively regulate filtration and reabsorption processes at different nephron segments [61]. From a functional
perspective, the unique configuration enables the countercurrent exchange mechanism required for the effective
concentration of urine, and also performs acid-base balance, fluid volume and continuous maintenance of systemic
hypertension [62].

6. ENDODERMAL DIFFERENTIATION AND METABOLIC REGULATION:
GASTROINTESTINAL MORPHOGENESIS

Reciprocal interactions between the epithelial and mesenchymal components are required to achieve
regionalization and regulation of the differentiation of the primitive endoderm to give rise to the specialized lining
epithelium of the digestive tract in a manner that results in a digestive tract identity along the anterior-posterior
axis [63]. The large surface area of absorption can be achieved from the complex villus morphogenesis on an
architectural level, while the crypt stem cell niches guarantee a continuous renewal of the epithelial surface [64].
This dynamic tissue architecture combines good high-capacity nutrient absorption with good structural barrier
properties. Physiologically, proper nutrient intake will rely entirely on the large surface area of this epithelial sheet
and the specific transport mechanisms; at the same time, the integrity of the barrier and the ability to keep luminal
pathogens out of the body are maintained by local mucosal immunity and by maintaining the tight junction structure
intact [65].

The hepatocytes start to differentiate in an inductive process between the foregut endoderm and the septum
transversum mesenchyme, and form the liver bud, which matures and vascularizes into a highly organized
parenchymal organ [66]. Structurally, the hepatic lobules are organized around the central vein-portal triad axis,
with a microanatomical structure that has been optimized for efficient metabolic exchange, coordinated blood flow,
and bile drainage [67]. The unique spatial organization of hepatocytes enables the continuous processing of
nutrients, production of plasma proteins, and maintenance of glycogen stores through efficient nutrient processing
and systemic distribution, whereas the organized vascular sinusoids facilitate continuous detoxification [68].
Together, pancreatic organogenesis promotes the differentiation of endodermal progenitors into specific endocrine
islets and exocrine acinar units, with differential morphogen signaling that regulates this compartmentalization
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[69]. The physiological importance of this strict compartmentalization of architecture is enormous because the two
separate functions, endocrine and exocrine, enable the independent but coordinated secretion of digestive enzymes
and systemic hormones to maintain global glucose homeostasis [70].

The upper panel shows gastrointestinal morphogenesis and the development of villi and crypt stem cell niches
for the continuous renewal of epithelial cells and for increasing the absorptive surface area, as well as important
physiological features such as tight junctions and mucosal immunity. The lower panel illustrates the cell
differentiation of the liver and pancreas; the left one displays the structural organization of a hepatic lobule,
optimized for metabolic exchange and excretion of bile; the right one represents the liver hepatocyte functional
compartmentalization (detoxification, protein synthesis, glucose metabolism), and the dual endocrine-exocrine
architecture of the pancreas. Created using BioRender.com, integrating its built-in Artificial Intelligence (Al)
generation tools.

7. MOLECULAR REGULATION OF TISSUE ARCHITECTURE: SIGNALING PATHWAYS

Developmental signaling pathways such as the Wnt, Hedgehog, BMP, FGF and Notch pathways comprise a
core conserved group that is integral to orchestrating the lineage commitment and spatial patterning of developing
tissues [71]. These pathways work through the formation of accurate concentration gradients of morphogens that
provide positional information and indicate different structural domains in the embryo [71]. In morphogenesis,
fidelity of the spatial signal and the timing of pathways are essential, and any imbalance or disruption of these
pathways can cause very serious organ architecture deformation, which can be responsible for congenital birth
defects or trigger the onset of neoplastic cell adhesion [72]. It is therefore essential that these signally networks are
precisely spatiotemporally regulated to guarantee normal, predictable morphogenesis in all the embryonic lineages
[72].

The epigenetic mechanisms by which the transcriptional programs that create the identity of a cell are complex
and may involve DNA methylation and covalent modifications of histones [73] that stabilize these developmental
decisions over time. Such structural changes in the chromatin structure provide the molecular memory to store the
differentiated state for long-term periods, causing specialized cells to retain their functional identity [73]. On the
other hand, abnormal epigenetic regulation can completely break the integrity of tissues, initiate developmental
syndromes, or cause severe metabolic diseases [74]. Therefore, chromatin dynamics should be regarded as a high-
level organization of chromatin structure that is involved in protecting the stability of the architectural plan of the
embryo [74].

In addition to chemical and genetic signals, the physical inputs that are generated during tissue growth can also
significantly impact the organization of the cytoskeleton and the nuclear signaling pathways involved in the cell's
response to the extracellular environment, a process known as mechanotransduction [75]. These biomechanical
stimuli are actively sensed and responded to by cells, with the cells undergoing remodeling of their internal and
external structures in order to optimize the spatial organization and enable correct differentiation [75]. This
mechanical feedback loop is very important during several morphogenetic events such as cardiac tube looping,
pulmonary branching and musculoskeletal development [76]. In the end, this suggests that maturation of tissue
architecture is not purely a genetic process but is instead the result of an ongoing interplay of epigenetic
stabilization, genetic programs and mechanical determinants.

8. DEVELOPMENTAL ORIGINS OF ADULT PHYSIOLOGY AND DISEASE

The Developmental Origins of Health and Disease (DOHaD) paradigm is a strong theoretical concept that
states that the embryonic/fetal environment is a critical determinant for long-term physiological outcomes in
adulthood [77]. Specific developmental structural deficits provide a striking illustration of this paradigm: A normal
or limited nephron development during the early stages of nephrogenesis is directly associated with the
development of chronic hypertension in later years of life [77]. In the same way, failure to develop a developmental
disability or a developmental disruption in the pancreas beta-cells affects lifelong insulin secretion and causes the
onset of diabetes, and a disorganized cardiac septum during early primitive organogenesis causes permanent
congenital heart defects [77]. Therefore, these developmental and structural determinants are physiologically
expressed in the vulnerability to disease and the capacity of an individual in adulthood [77].

9. TRANSLATIONAL IMPLICATIONS: REGENERATIVE MEDICINE, ORGANOID
TECHNOLOGY, AND TISSUE ENGINEERING
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To exploit these embryological principles, regenerative medicine directly incorporates these factors by trying
to mimic the intricate signaling patterns of the early embryo to direct stem cell differentiation towards particular,
functional adult tissues [78]. It is hoped that these well-preserved developmental processes can be rejuvenated to
provide structurally organized and physiologically competent functional tissues that can be used to replace damaged
or congenitally absent organs [78]. Three-dimensional, organoid technologies serve as a priceless in vitro model
that helps to reflect significant parts of embryonic morphogenesis, and thus enhance this translational journey [79].
These are engineered organisms that render a true-to-life spatial structure and organ-specific physiology of tissues
in development and thus offer an unprecedented platform for the study of real-time human development, elucidation
of disease pathophysiology and testing of individualized therapeutic responses [79, 80]. Simultaneously, tissue
engineering combines these cell models with advanced biomaterials which replicate the structure of the embryonic
extracellular matrix and the critical mechanical cues [80]. This discipline allows optimal scaffold design and strict
control of the microenvironment so as to achieve seamless structural integration and complete physiological
functional recovery in vivo.

10. INTEGRATIVE PERSPECTIVE: FROM EMBRYO TO SYSTEM PHYSIOLOGY

Translation of genetic and mechanical blueprints into a living organism is a very coordinated, hierarchical
developmental process. The sequential process can be condensed into a number of successive steps, starting with
the initial cell differentiation, through to complex morphogenesis, ultimately to system integration to form an entire,
mature tissue, a cascade that is essential to the development of a mature tissue's complex structure [8 1]. In this
hierarchy, the functional potential of each anatomical level is determined by the organization. Thus, for the mature
human, physiology should not be seen as a condition but the dynamic functional manifestation of early embryonic,
structural programming [81].

11. CONCLUSION

In the highly orchestrated process of embryogenesis, a slew of structural and molecular patterns are set up to
systematically demarcate tissue architecture and functional physiological specialization. Germ layer specification,
morphogenetic signaling networks, epigenetic changes and biomechanical forces all function in a defined
continuum in order to dictate specific functions of the definitive organs. This is a key challenge to completely
integrate classical embryology with current systems biology and clinical medicine, and an even stronger imperative
to do so given the profound, unbreakable association between adult physiology and developmental origin. Finally,
innovations in developmental science not only advance our basic understanding of normal physiology but also
provide game-changing and transformative insights into the prevention of congenital disorders, the pathogenesis of
chronic diseases, and the development of new regenerative therapeutic strategies.
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