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Abstract

Morphological disciplines, namely Human Anatomy, Histology, and Embryology, have
traditionally provided the foundational knowledge for medical education, offering spatial,
cellular, and temporal coordinates of the human body. However, reducing these disciplines
to static and purely descriptive learning undermines their deeper purpose: interpreting
morphology as the dynamic outcome of biological processes. This review emphasizes
three interrelated pillars of morphological sciences—cell differentiation, tissue homeostasis,
and organ remodeling—as essential frameworks for understanding both normal physiol-
ogy and disease pathogenesis. Cell differentiation establishes functional identity, tissue
homeostasis ensures structural stability, and organ remodeling enables adaptation to both
physiological and pathological stimuli. Dysregulation of these programs underlies a wide
range of conditions, from degenerative diseases and chronic inflammation to neoplasms.
Integrating classical morphological knowledge with modern approaches—including stem
cell biology, organoids, tissue engineering, and computational modeling—enables predic-
tive and regenerative strategies in personalized medicine. Furthermore, recent advances
in artificial intelligence applied to histopathology have enhanced our capacity to detect
early deviations from homeostasis and guide targeted interventions. By combining spatial,
cellular, and molecular perspectives, the morphological sciences can provide clinicians with
tools to interpret disease as the result of altered biological programs, anticipate pathology,
and design precise therapeutic strategies. This integrated approach highlights the renewed
centrality of morphology in contemporary medicine, bridging foundational knowledge
with predictive, regenerative, and personalized healthcare.

Keywords: morphological sciences; cell differentiation; tissue homeostasis; organ remodeling;
predictive medicine; regenerative medicine; personalized medicine; tissue engineering;
artificial intelligence; digital twins
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1. Introduction: From Descriptive Morphology to the Dynamic Biology
of Tissues

For decades, the teaching of Human Anatomy, Histology, and Embryology has consti-
tuted the foundation of medical education, providing future physicians with the spatial,
cellular, and temporal coordinates necessary to understand the structure of the human
body. However, reducing these disciplines to purely descriptive—static and memorization-
based—knowledge betrays their deeper purpose, which is to interpret morphology as the
dynamic expression of underlying biological processes.

By the late 19th century, scholars such as Rudolf Virchow [1,2] had recognized that
disease could not be understood solely at the organ level but had to be traced back to
‘cellular pathology,” based on alterations of the structural and functional units of tissues.
From this perspective, morphology is not a mere inventory of forms, but the visible outcome
of cellular programs regulated across both space and time.

Consistently, Embryology has shown that the anatomical complexity of the adult
organism arises from highly coordinated processes of cell differentiation, migration, se-
lective proliferation, and programmed cell death, driven by molecular signals and me-
chanical interactions. Histology, in turn, allows us to understand how these programs
are maintained—or altered—during postnatal life, through mechanisms of tissue renewal,
adaptation, and repair.

Within this framework, three key concepts emerge as common interpretative pillars
across the morphological sciences: cell differentiation, tissue homeostasis, and organ re-
modeling. They represent not only the biological foundations of tissue structure, but also
the essential lens for understanding the origin and progression of disease. While several
review articles have addressed specific aspects of tissue biology, such as stem cell regulation,
tissue engineering, or the application of artificial intelligence in pathology, these topics
are often discussed in a fragmented manner, without a unifying conceptual framework.
Organoids, for instance, have emerged as advanced three-dimensional models capable
of recapitulating tissue architecture and function, bridging basic biology with clinical
translation and enabling disease modeling, drug screening, and personalized therapeutic
approaches [3-5]. Similarly, recent developments in computational pathology and artificial
intelligence have led to the emergence of multimodal and foundation models capable of
integrating histological, molecular, and clinical data, significantly enhancing diagnostic
and predictive capabilities [6,7]. Moreover, the convergence of artificial intelligence with
organoid-based systems is opening new perspectives for dynamic modeling of biologi-
cal processes, enabling real-time analysis of tissue behavior and improved prediction of
therapeutic responses [8].

In contrast, the present review proposes an integrated interpretative model based
on three core biological programs—cell differentiation, tissue homeostasis, and organ
remodeling—considered as a continuous and interconnected system spanning from de-
velopment to disease. This perspective aims to bridge classical morphological disciplines
with contemporary advances in computational and regenerative medicine, providing a
coherent framework that not only describes tissue structure but also interprets its dynamic
behavior across physiological and pathological conditions. In this sense, the originality
of our approach lies in the integration of traditionally separated domains into a single
conceptual continuum, offering both educational and translational value.

Cell differentiation defines the morphological and functional identity of cells within
a tissue, tissue homeostasis ensures their stability over time, and organ remodeling al-
lows adaptation to physiological and pathological stimuli. These processes, traditionally
addressed in a fragmented manner within medical curricula, constitute a biological con-
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tinuum that spans the study of Anatomy, Histology, and Embryology, extending toward
Physiology, Pathophysiology, and other related disciplines.

A paradigmatic example of this integrated vision is the historic classification of tissues
into labile, stable, and permanent types, proposed by Giulio Bizzozero [9], who anticipated
concepts now central to stem cell biology and regenerative medicine. This classification,
originating from histological observations, still holds significant explanatory value today
for understanding the varying responses of tissues to damage, inflammation, and aging.

Contemporary literature has further reinforced this framework, showing that disrup-
tions in differentiation and tissue homeostasis programs represent a crucial event in the
development of numerous pathologies, ranging from degenerative diseases to neoplasms,
and including chronic inflammatory disorders [10,11].

Considering this evidence, the morphological sciences should not be regarded merely
as preparatory ‘basic’ disciplines in a reductive sense. Instead, they must be recognized
as central interpretative tools for understanding Medicine. Therefore, studying Anatomy,
Histology, and Embryology enables future physicians to acquire not only a descriptive
language but also a true biological lens through which to interpret disease.

This narrative review is based on a selective analysis of the current literature, with
references chosen for their relevance to the proposed conceptual framework. Priority was
given to recent and high-impact studies in the fields of morphological sciences, stem cell
biology, tissue engineering, and computational pathology, without aiming to provide a
systematic or exhaustive review.

To facilitate the understanding of the key processes that govern tissue structure and
function, which will be discussed in more detail in the following sections, Table 1 sum-
marizes essential aspects of cell differentiation, tissue homeostasis, and organ remodeling.
This overview highlights their definitions, principal cellular players, representative physio-
logical examples, and potential pathological consequences, providing a concise framework
for interpreting dynamic morphological processes.

Table 1. Key morphological processes in health and disease !.

Process Definition Key Cellular Players Functional Example Pathological Consequence
Cell Differenti- Process by Whlch Progenitor /.ste.m Formation of cardiac Metaplasia, dysplasia,
. cells acquire cells, transcription myocytes, neurons, 4
ation S . o neoplasia
specialized identity factors epithelial cells
Tissue Maintenance of Stem /progenitor Intestinal epithelium Atrophy, hypertrophy,
. cellular composition cells, immune cells, renewal, bone X .
Homeostasis . . . . tumorigenesis
and tissue function  extracellular matrix remodeling

Structural adaptation  Differentiated cells, Cardl.a ¢ hyp ertrophy, . . .

Organ . . . uterine changes in Fibrosis, organ failure,
. of tissues to chronic  extracellular matrix, . .

Remodeling pregnancy, skeletal chronic degeneration

or acute stimuli immune cells

muscle adaptation

! The table summarizes the main biological processes that underlie tissue structure and function, including cell
differentiation, tissue homeostasis, and organ remodeling. For each process, the table indicates a brief definition,
the key cellular players, representative physiological examples, and potential pathological consequences when
these processes are disrupted.

At the same time, in Figure 1 we illustrate the key concept that alterations in cellular
differentiation, driven by genetic or epigenetic causes, lead to tissue disorganization, which
in turn results in organ dysfunction and, ultimately, disease of the organism. Understand-
ing this etiopathogenetic pathway helps both clinicians and biomedical researchers to
identify the origins of disease and to intervene through integrated strategies, including
lifestyle modifications, pharmacological treatments, or surgical approaches. From a clinical
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perspective, this framework reflects the progression from early molecular alterations to
overt disease, supporting the interpretation of pathological findings as part of a continuum
rather than isolated events. This approach may facilitate earlier diagnosis and more precise
identification of therapeutic targets. These and related concepts will be further discussed in
the following sections.
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Figure 1. Conceptual framework linking cell differentiation to disease: an etiopathogenetic continuum.

Schematic representation of the relationship between cell differentiation, tissue home-
ostasis, and organ remodeling under physiological and pathological conditions. Under
normal circumstances, proper cell differentiation ensures tissue organization and home-
ostasis, ultimately sustaining normal organ function. Genetic and epigenetic alterations—
including molecular stress and other environmental factors—can disrupt cell differentiation,
leading to tissue disorganization. This process progressively results in organ malfunction
and, ultimately, disease, outlining a continuous etiopathogenetic pathway from molec-
ular alterations to organism-level pathology. Created in BioRender. Bucchieri, F. (2026)
https:/ /BioRender.com/1x7xceh (accessed on 15 May 2026).

2. Cell Differentiation: From Totipotency to Functional Specificity

Cell differentiation represents one of the fundamental biological processes that trans-
form a single totipotent cell, present in the zygote, into a wide array of mature cells with
highly specialized functions. Historically, the concept was outlined in the early embry-
ological studies of the 19th century. Pioneers such as Wilhelm Roux and Hans Spemann
demonstrated that organ formation depends on spatial and temporal interactions among
differentiating cells, anticipating modern notions of induction and morphogenesis [12,13].

During embryonic development, differentiation is orchestrated by a complex network
of transcription factors, morphogen gradients, cell-cell and cell-extracellular matrix interac-
tions, which guide the transition from undifferentiated cells to cells with specific functional
identities [14-16]. This process not only establishes tissue morphology but also the intrinsic
functional specialization of cells within each organ system.

In adult tissues, differentiation remains essential due to the presence of undifferen-
tiated or progenitor cell populations in most tissues [17]. These cells sustain physiolog-
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ical turnover in highly regenerative tissues such as intestinal epithelium, epidermis, en-
dometrium, and contribute to repair processes following injury [18,19]. The maintenance of
proper differentiation programs is therefore crucial for preserving tissue identity over time.
Alterations in differentiation primarily affect cellular identity and lineage commitment,
leading to pathological conditions such as metaplasia, dysplasia, and neoplasia, in which
cells lose their appropriate differentiation state or acquire aberrant phenotypes [20,21].

In this context, differentiation should be interpreted as the biological process that
defines what a cell is and what it is able to do within a tissue. For example, dysplasia
of the bronchial epithelium reflects an incomplete or abnormal differentiation process
often associated with chronic exposure to toxic agents [22]. Similarly, intestinal metaplasia
of the gastric mucosa represents a shift in cell identity driven by environmental stress,
highlighting the plasticity—but also the vulnerability—of epithelial progenitor cells [23].

More recent concepts in stem cell biology and regenerative medicine have further
reinforced the centrality of differentiation. Alterations in cell fate and niche signaling can
lead to degenerative diseases, chronic inflammatory conditions, and tumorigenesis [10,24].

Finally, the analysis of cell differentiation is fundamental for modern therapeutic
strategies. From a translational perspective, understanding differentiation programs pro-
vides the foundation for modern therapeutic strategies. The use of pluripotent stem cells,
organoid models, and regenerative approaches is directly based on the ability to control
and direct cellular identity [25-27]. Groundbreaking studies on organoid systems have
demonstrated their ability to recapitulate key aspects of tissue development and differentia-
tion, providing robust experimental platforms for studying human biology and disease [28].
In parallel, artificial intelligence (Al) applied to histopathology can detect subtle alterations
in differentiation patterns, enabling early identification of disease states [7,29,30].

3. Tissue Homeostasis: Maintaining Biological Balance

Tissue homeostasis refers to the ability of tissue to maintain its structural integrity,
cellular composition, and functionality capacity over time through a dynamic balance of
proliferation, differentiation, and programmed cell death. This concept was historically
anticipated by Giulio Bizzozero’s classification of tissues into labile, stable, and permanent
types [9], reflecting different regenerative capacities across tissues.

From a biological perspective, homeostasis is maintained through the integration
of multiple regulatory signals, including molecular, biomechanical, vascular and neural
inputs, which contribute to the regulation of the cellular microenvironment (niche). In this
context, tissue homeostasis should be understood as a condition of dynamic equilibrium
rather than static stability, in which continuous cellular renewal is precisely regulated to
maintain tissue function without altering its overall structure.

Innervation plays a particularly relevant role in this regulatory network. During
embryonic development, the formation of neuronal connections with target tissues occurs
through complex axonal growth trajectories and neurotropic signals accompanying organo-
genesis. Adequate innervation is necessary for the growth and maturation of various
organs, and its absence or alteration can lead to abnormal development or disorganized
functions [31-34].

In adult tissues, innervation continues to influence tissue regeneration and response
following injury. For example, sensory and sympathetic nerve fibers in the bone marrow
niche regulate mesenchymal stem cells (MSCs) and the hematopoietic population, affecting
their ability to self-renew and differentiate [35]. Loss of innervation leads to a reduction in
stem cell numbers and an impaired capacity to maintain tissue balance [36].

Neural modulation of homeostasis can also occur indirectly, through influence on
the microenvironment, for example, via the release of neuropeptides, neurotrophic factors
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such as NGF (Nerve growth factor) and BDNF (Brain-derived neurotrophic factor), and
neurotransmitters that interact with immune, stromal, and progenitor cells [34,37,38]. These
signals not only promote cell survival, but can also direct the differentiation fate of cells in
contexts of repair and regeneration [31]. The concept of stem cell-driven tissue homeostasis
has been extensively characterized in multiple tissues, highlighting the role of specialized
niches in regulating cellular turnover and regeneration [39].

When homeostatic mechanisms are disrupted, issues may undergo quantitative or
functional alterations rather than immediate structural reorganization. These include de-
generation and atrophy, resulting from insufficient cellular replacement [40]; abnormal
hypertrophy and hyperplasia due to excessive proliferation in response to chronic stim-
uli or aberrant signals, as observed in endometrial hyperplasia [41]; and early stages of
tumorigenesis, associated with deregulated proliferation and differentiation [42].

Thus, tissue homeostasis represents the biological condition that preserves tissue
integrity over time, ensuring that cellular turnover and environmental responses remain
within physiological limits.

4. Organ Remodeling: Adaptation, Repair, and Degeneration

Organ remodeling represents the macroscopic and microscopic expression of tissue
adaptation to prolonged physiological and pathological stimuli. Rather than an excep-
tional event, it is a continuous process that accompanies the entire lifespan, reflecting
the ability of tissues to modify their architecture, cellular composition, and extracellular
matrix organization in response to functional, metabolic, mechanical, and inflammatory
changes [43].

Under physiological conditions, remodeling allows functional adaptation of organs.
Examples include cardiac hypertrophy in athletes [44], uterine changes during preg-
nancy [45], bone adaptations in response to mechanical load [46], and structural changes in
skeletal muscle with aging [47]. In these contexts, remodeling is an orderly, partially re-
versible, and finely regulated process aimed at preserving organ homeostasis and function.

From a mechanistic perspective, remodeling involves coordinated interactions among
differentiated cells, progenitor cells, immune cells, and extracellular matrix components [48].
These components respond to mechanical, metabolic, and inflammatory signals, integrating
local and systemic responses to reshape tissue structure [49].

In this context, inflammation plays a central role in remodeling processes. Physio-
logically, it contributes to the removal of damaged tissue, recruitment of reparative cells,
and activation of regeneration programs [50]. However, when inflammation becomes
excessive, persistent, or self-perpetuating—thus losing its beneficial aspects—it shifts from
a maladaptive response, thereby justifying targeted pharmacological intervention [51].

In contrast to homeostasis, which maintains structural stability, remodeling reflects a
shift in tissue organization in response to sustained stimuli. This distinction is particularly
relevant in pathological conditions, where remodeling may initially serve an adaptive
function but progressively lead to structural and functional impairment.

In acute injury, remodeling can result in effective regeneration, especially in tissues
with high plasticity. However, chronic stimuli such as persistent inflammation, hypoxia,
oxidative stress, or mechanical overload may lead to maladaptive remodeling characterized
by excessive extracellular matrix deposition, vascular alterations, and progressive loss of
functional parenchyma [52-54].

These processes culminate in pathological outcomes such as fibrosis scarring, and
organ dysfunction, as observed in conditions including pulmonary fibrosis, post-infarction
cardiac remodeling, liver cirrhosis, and chronic kidney disease [55-58].
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Therefore, organ remodeling should be interpreted as the temporal evolution of tissue
responses beyond homeostatic control, representing the transition from adaptive changes
to irreversible structural damage when regulatory mechanisms fail.

5. Disease as a Biological Program Error: An Evolutionary Perspective
on Complexity

Disease cannot be understood solely as a macroscopic alteration of organs and tissues,
but it often represents the outcome of errors in the biological programs that regulate cellular
differentiation, tissue homeostasis, and remodeling. Historically, Rudolf Virchow had
already made it clear by the late 19th century that pathology should be traced back to the
dysfunction of cellular units rather than merely macroscopic organ changes, thus laying
the foundation for the concept of “cellular pathology” [59].

When cellular differentiation processes are incomplete or aberrant, phenomena such
as metaplasia, dysplasia, or, in extreme cases, neoplasia can occur, in which immature
cells proliferate outside physiological control. Metaplasia may represent an adaptation
to chronic stimuli—for example, in the gastric or bronchial mucosa—as it is an adaptive
process in which one differentiated cell type is replaced by another, often in response
to chronic stress, inflammation, or environmental insults (e.g., acid reflux or cigarette
smoke) [15]. Conversely, dysplasia refers to progressively more severe alterations in
the differentiation pathway, potentially serving as a precursor to neoplasia, in which
differentiation is completely arrested, and cells proliferate without acquiring specialized
functions [60].

Similarly, disruption of tissue homeostasis can lead to atrophy or chronic degeneration,
and maladaptive remodeling may culminate in fibrosis, dysfunctional scarring, and organ
failure [61]. Morphological analysis—both macroscopic and microscopic—allows recon-
struction of the “biological history” of these processes, revealing how an initial adaptive
response can progress to irreversible degeneration.

An even broader perspective emerges when considering the evolutionary trajectory
of life on Earth. Over billions of years, life has evolved from extremely simple forms to
increasingly complex organisms, characterized by multiple levels of structural organiza-
tion, integrated multicellular functions, and intricate regulatory networks. This biological
complexity encompasses not only anatomical form but also the web of interactions among
genes, proteins, and cellular processes, which underlie the physiology of advanced organ-
isms [62—64].

From a molecular perspective, more complex organisms do not necessarily possess a
greater number of protein-coding genes, but they exhibit an increase in protein—protein
interactions, alternative splicing variants, proteins with multifunctional domains, and intri-
cate regulatory networks. These features expand the possibilities for adaptive responses
but also create points of vulnerability where errors can arise. This phenomenon of “evo-
lutionary complexity” has been described as an accumulation of molecular information,
including so-called unnecessary complexity, which can act as an “evolutionary baggage”
influencing both normal function and susceptibility to disease [65].

From this perspective, a general principle can be hypothesized: as the biological
complexity of an organism increases, so do the chances of malfunctions in the underlying
biological programs that regulate it. More complex organisms—such as mammals, and
especially humans—possess more elaborate regulatory networks compared to simpler life
forms. This richness of interactions and levels of control entails a greater number of “critical
nodes”, points at which an error can translate into pathological dysfunction. In this sense,
a complex organism is inherently more susceptible to a wider variety of diseases, as it has a
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greater number of regulatory systems that can be disrupted by genetic, environmental, or
molecular factors.

From a clinical and educational standpoint, this evolutionary perspective has decisive
implications. Understanding which biological program has been altered allows us to distin-
guish between reversible and irreversible processes, guiding pharmacological therapies,
regenerative strategies, or surgical interventions more precisely. In other words, disease is
not merely a phenomenon to be treated, but a process to be interpreted biologically, with
profound implications for prevention, early diagnosis, and personalized medicine.

To provide a clear overview of how errors in biological programs relate to disease and
how these processes are influenced by organismal complexity, Table 2 summarizes key
relationships between cellular differentiation, tissue homeostasis, and organ remodeling,
alongside their potential pathological outcomes and examples. This table illustrates how
increasing biological complexity introduces new regulatory nodes and potential vulnerabil-
ities, highlighting the evolutionary basis for disease susceptibility and the importance of
interpreting pathology in the context of dynamic cellular programs.

Table 2. Relationships between biological programs, tissue dynamics, and disease in the context of
evolutionary complexity !

Biological Program Error Example Consequence Clinical Implication
. L Metaplasia Adaptation, risk of . .
Incomplete differentiation (gastric/bronchial) neoplasia Surveillance, preventive therapy
Arrested differentiation Dysplasia Pre-neoplastic Early detection, intervention
Homeostasis disruption Atrophy, Ch?"mc Loss of function Supportive therapy, regenerative
degeneration approaches

Maladaptive remodeling

Anti-fibrotic therapy, stem cell

Fibrosis, organ failure Irreversible damage . .
intervention

! The table summarizes the key morphological processes—cell differentiation, tissue homeostasis, and organ
remodeling—showing their normal physiological roles, examples of typical adaptations, possible pathologi-
cal outcomes when regulatory mechanisms fail, and how organismal complexity increases susceptibility to
errors. It highlights the continuum from adaptive responses to maladaptive and disease states, emphasizing the
evolutionary and mechanistic basis of human pathology.

6. Morphological Sciences and Medicine: An Integrated Perspective

Morphological sciences—Human Anatomy on one hand, and Histology and Embryol-
ogy on the other—should not be considered isolated disciplines. Rather, they are essential
tools for an integrated understanding of human pathology. Human Anatomy provides
the spatial map of the body, identifying the location, size, shape, and relationships among
organs and tissues. This knowledge is fundamental for the clinical approach, physical
examination, and interpretation of diagnostic imaging, from conventional radiology to
computed tomography and magnetic resonance imaging [66].

Histology and Embryology, on the other hand, provide a more microscopic and
molecular perspective. They allow us to understand cellular and tissue composition, the
structure of the extracellular matrix, the organization of cellular compartments, and the
presence of early alterations caused by stress, inflammation, or disease [16]. Embryology,
integrated with Organogenesis, provides the framework for the origin and differentiation
of tissues, enabling the interpretation of congenital malformations and structural anomalies
considering fundamental biological principles such as induction, morphogenesis, and
cellular plasticity [67].

A practical example of the integration between morphology and medicine is the
understanding of metaplasia, dysplasia, and neoplasia. A physician trained in interpreting
differentiation programs can view phenomena such as nodular prostatic hyperplasia,
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intestinal metaplasia of the gastric mucosa, or dysplasia of the bronchial epithelium not
merely as histological alterations, but as expressions of errors or adaptations in cellular
programs, with significant prognostic and therapeutic implications [21].

The integrated approach becomes particularly relevant in the era of predictive and
regenerative medicine. Insights into tissue biology and differentiation programs have
led to the development of models using pluripotent stem cells and organoids, as well as
tissue engineering techniques aimed at personalized therapies, including the creation of
the so-called “digital twins”—all strategies grounded in a deep understanding of cellular
structure and function [68-71]. Moreover, the application of Al in morphological disciplines
relies on the ability to recognize cellular and tissue patterns associated not only with normal
differentiation but also with homeostatic dysfunctions, enabling more accurate clinical
predictions and targeted therapeutic interventions [72].

In summary, medical training cannot overlook the integrated knowledge of the mor-
phological sciences. Anatomy primarily indicates the location, shape, and relationships of
organs and anatomical regions, laying the foundation for understanding clinical examina-
tion. Histology helps reveal their structure and the basis of cellular alterations. Embryology
explains the origin and developmental sequence of cells and tissues, culminating in organo-
genesis, which completes the study of intrauterine formation of the human organism. Only
by combining these perspectives is it possible to accurately interpret the biological events
underlying disease, anticipate the most severe clinical manifestations, and design the most
effective therapeutic interventions.

7. Towards Predictive and Regenerative Medicine: Clinical and
Pharmacological Implications

Understanding fundamental morphological processes—cellular differentiation, tissue
homeostasis, and organ remodeling—forms the basis for modern therapeutic strategies and
the advancement toward predictive, regenerative, and personalized medicine. Knowledge
of differentiation programs and cellular plasticity has enabled the development of induced
pluripotent stem cells directed toward specific cell lineages, paving the way for regenerative
therapies and personalized preclinical models useful for drug testing, toxicity prediction,
and the study of disease mechanisms [73,74]. In parallel, the creation of organoids—
three-dimensional structures derived from stem cells that recapitulate the architecture
and function of native tissues and organs—allows in vitro modeling of both physiological
and pathological conditions and enables testing of therapeutic responses in settings that
faithfully reproduce the behavior of real tissues [75]. Tissue engineering, by combining
cells, biomaterials, and biochemical signals, promotes the regeneration of damaged or
degenerated tissues, with applications ranging from partial repair to the replacement of
compromised organs, leveraging knowledge of how the extracellular matrix, differentiation
signals, and cell—cell interactions guide tissue formation and function [25,76].

In the era of digital medicine, the concept of predictive medicine is based on the ability
to anticipate disease progression before it becomes clinically evident. In this context, the
so-called patients” digital twins—personalized computational models integrating clini-
cal, genetic, radiological, and histological data—allow simulation of disease progression
and prediction of therapeutic responses, testing alternative clinical scenarios in silico and
guiding targeted treatment decisions. Recent literature further supports the integration
of organoid technologies and artificial intelligence as key drivers of predictive and regen-
erative medicine [71]. The application of Al in morphological disciplines is based on the
ability to recognize cellular and tissue patterns associated not only with physiological
conditions but also with homeostatic dysfunctions that precede disease. Deep learning
algorithms analyze digital histological images quantitatively, extract features invisible to
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the human eye and integrate this information with clinical and molecular data to generate
more accurate diagnostic and prognostic predictions, transforming digital pathology from
a qualitative discipline into an advanced quantitative tool [7]. Recent large-scale studies
have demonstrated the clinical applicability of artificial intelligence in pathology, showing
high diagnostic accuracy and potential for integration into routine workflows [77].

Understanding altered cellular programs and biological pathways has profound phar-
macological implications. For instance, distinguishing between beneficial, physiological
inflammatory processes—necessary to activate post-injury regenerative programs—and
pathological, persistent inflammation is crucial for targeted therapy, helping to avoid
unnecessary or counterproductive anti-inflammatory treatments [78]. The integration of
morphological and biological data into predictive models enables patient stratification
based on biological patterns and expected responses, optimizing drug selection, reducing
adverse effects, and improving clinical outcomes. This strategy lies at the core of precision
medicine, which goes beyond treating the macroscopic symptoms of disease and aims to
correct the errors in cellular programs underlying pathological processes [79,80]. Without
appropriate and thorough knowledge of the morphological sciences, all of this would not
be possible or, at best, would be left to chance rather than guided by a scientific method.

Figure 2 provides a conceptual framework for predictive and regenerative medicine,
illustrating how fundamental morphological processes—cell differentiation, tissue home-
ostasis, and organ remodeling—inform the development of stem cell-based therapies,
organoids, and tissue engineering strategies. It also highlights the role of digital twins
and Al in integrating morphological and clinical data to guide personalized therapeutic
interventions and optimize patient outcomes. Clinically, this integrated model enables
more tailored and dynamic patient management.

Personalized Regenerative Medicine
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Figure 2. Conceptual framework for predictive and regenerative medicine.
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The diagram illustrates the hierarchical relationship between core morphological
processes (in blue), experimental models (in green), digital predictive tools (in orange),
and clinical applications (in violet). It emphasizes how understanding tissue dynamics
at the cellular and organ level enables the design of regenerative therapies, personalized
interventions, and predictive strategies supported by Al and digital twin technologies.
Created in BioRender. Bucchieri, F. (2026) https://BioRender.com/1x7xceh (accessed on
15 May 2026).

8. Conclusions

The understanding of cellular differentiation, tissue homeostasis, and organ remodel-
ing processes today represents the beating heart of the morphological sciences and contem-
porary medicine. As early as the late 19th century, Rudolf Virchow had pointed the way:
disease is not limited to macroscopic alterations of organs but results from dysfunctions
of the cellular units [81]. Anatomy, Histology, and Embryology, integrated with molecu-
lar biology and modern imaging technologies, now provide the opportunity to interpret
pathology as the visible outcome of biological programs regulated in time and space.

Building on this solid historical foundation is the legacy of Giuseppe Levi’s School,
one of the greatest Italian anatomists of the 20th century (and, notably, mentor to three
Nobel laureates in Medicine). For Levi, the study of morphology had no meaning unless it
correlated with function [82,83]. His “form—function” vision has inspired generations of re-
searchers and clinicians, enabling an understanding of how structural and tissue alterations
can be the first step in interpreting disease onset and progression. From his school emerged
scientists who applied this philosophy to experimental research, developing models that
connect anatomy and histology to altered cellular differentiation, loss of tissue homeostasis,
and organ remodeling, lessons that continue to inform us today.

This integrated approach makes it possible to distinguish between adaptive and mal-
adaptive tissue responses, anticipate the onset of disease, and design targeted interventions,
from traditional pharmacology to regenerative therapies based on stem cells, organoids,
and tissue engineering. Predictive and precision medicine, supported by computational
models, artificial intelligence, and simulation tools such as “digital twins,” as discussed in
this review, further enhances the ability to forecast the progression of pathological processes
and personalize therapeutic strategies.

Looking at the history of life’s evolution, we can observe that increasing biological
complexity has brought not only new functionalities but also a greater number of potential
vulnerabilities. In parallel, the progressive sophistication of homeostatic mechanisms and
differentiation programs has made it essential to interpret disease beyond the macroscopic
form, down to the molecular and cellular scale. As Giulio Bizzozero noted when classifying
tissues as labile, stable, and permanent, only by understanding tissue dynamics can we
correctly interpret their responses to damage, stress, and degenerative processes [84]. From
a practical perspective, the proposed framework based on cell differentiation, tissue home-
ostasis, and organ remodeling has direct implications for both clinical practice and medical
education. In the clinical setting, interpreting disease as the result of altered biological
programs allows clinicians to move beyond a purely descriptive approach, supporting
earlier diagnosis, more accurate prognostic stratification, and the identification of targeted
therapeutic strategies. In parallel, in medical education, this integrative perspective pro-
motes a shift from memorization-based learning toward a systems-oriented understanding
of human biology, enabling students to connect structure with function and to interpret
pathological processes as dynamic and interconnected events. In this sense, morphological
sciences become not only foundational disciplines, but also essential tools for developing
critical thinking and clinical reasoning in future physicians.

https:/ /doi.org/10.3390/anatomia5020015


https://BioRender.com/1x7xceh
https://doi.org/10.3390/anatomia5020015

Anatomia 2026, 5, 15

12 of 15

References

The physician of the future, as of today, will need to integrate anatomical, histological,
embryological, and organogenetic knowledge to make clinical decisions grounded in
the underlying biological reality. True personalized medicine does not merely address
visible symptoms or lesions; it acts on the cellular and tissue programs that underlie
them, optimizing therapeutic choices, reducing unnecessary interventions, and improving
patients” quality of life. Ultimately, the morphological sciences—long the foundation of
medical education—are now regaining a central role: understanding the life of tissues
means understanding disease itself and paves the way toward predictive, regenerative,
and truly personalized medicine, balancing history, science, and innovation.
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