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Abstract

This article explores an integrative framework for medical rehabilitation that combines regenerative medicine,
systemic homeostasis, and microbiome modulation to optimize recovery and long-term health. Moving beyond
conventional rehabilitation approaches focused on symptomatic recovery, this multidimensional paradigm em-
phasizes cellular repair, physiological balance, and microbial health as interdependent pillars of effective recov-
ery. The framework leverages advancements in stem cell therapy, immune system modulation, and microbiota-
targeted interventions to address both immediate functional restoration and long-term systemic resilience. By
highlighting the synergistic interplay between these components, this article provides actionable insights into
transforming medical rehabilitation into a proactive and holistic endeavor, paving the way for enhanced thera-
peutic outcomes and sustained patient well-being.

Keywords: regenerative medicine; systemic homeostasis; immunological training; microbiome modulation; ho-
listic rehabilitation

1. Introduction

The field of medical rehabilitation is undergoing a transformative evolution, driven by advance-
ments in science and technology that challenge traditional paradigms [1,2]. Historically, rehabilita-
tion has focused on restoring physical functionality following injury or illness, emphasizing therapies
aimed at the symptomatic recovery of motor, sensory, or cognitive impairments. However, this con-
ventional scope is expanding to encompass a broader, more integrative framework that addresses
the body’s systemic capacity to heal, adapt, and thrive [3]. This paradigm shift combines regenerative
medicine, homeostatic interventions, and immunological training [4] into a cohesive strategy that
seeks not only to recover lost functionality but also to enhance the body’s intrinsic mechanisms for
healing and long-term maintenance [5].

At the core of this approach lies the recognition that recovery is not merely a matter of repairing
isolated damage but a process involving the intricate interplay of biological systems [3]. Regenerative
medicine offers tools to repair and replace damaged tissues at a cellular level, employing innovations
such as stem cells and tissue engineering [6]. Homeostatic interventions, in turn, stabilize the internal
physiological environment, ensuring that systemic balance —critical for health and recovery —is re-
stored and sustained. Immunological training refines the body's defense and repair capabilities, ena-
bling precise and effective responses to injury or disease [4]. Together, these approaches create a dy-
namic framework for addressing the complexities of recovery in diverse clinical scenarios [7].

Emerging research underscores the pivotal role of the human microbiome—a vast ecosystem of
microorganisms residing within the body —in maintaining homeostasis and influencing overall
health [8]. The gut microbiota, in particular, acts as a central regulator of immune function, metabolic
processes, and neurophysiological health [9-11]. Beyond digestion, it influences inflammation,
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hormonal regulation, and even mood and cognition. The profound connection between microbiome
health and systemic rehabilitation has brought microbiome modulation —through probiotics, prebi-
otics, and postbiotics—into the spotlight as an essential component of modern therapeutic strategies
[12].

The convergence of these fields signals a new frontier in medical rehabilitation, where recovery
is viewed as a multidimensional process involving cellular repair, systemic balance, and microbial
health [13]. This integrated approach offers the potential to not only restore lost functionality but also
to preemptively enhance resilience and adaptability, setting the stage for a more holistic and com-
prehensive vision of health care. By leveraging these advancements, medical science is poised to re-
define rehabilitation as a proactive endeavor that fosters systemic restoration, resilience, and lifelong
well-being [14].

2. A Holistic Framework: From Individual Interventions to Systemic Synergy

The intersection of regenerative medicine, homeostatic interventions, immunological training,
and microbiome modulation offers a holistic approach to medical rehabilitation. These components
are interconnected, with each contributing to a unified goal of systemic restoration and resilience.
The paradigm of medical rehabilitation is, indeed, increasingly characterized by a systemic and inte-
grated approach that combines regenerative medicine, homeostatic interventions, immunological
training, and microbiome modulation [15]. Each of these components plays a distinct yet intercon-
nected role in enhancing the body’s capacity to recover from injury or illness, fostering not only func-
tional recovery but also systemic resilience. Together, they contribute to a unified goal of health res-
toration, where the emphasis is on addressing both the immediate and long-term challenges of re-
covery.

At the heart of modern rehabilitation lies regenerative medicine, which focuses on repairing or
replacing damaged tissues to restore functionality. Innovations such as stem cell therapy, 3D
bioprinting, and tissue engineering have revolutionized the field, offering the ability to rejuvenate
tissues at a cellular level. For instance, mesenchymal stem cells (MSCs) have been shown to promote
angiogenesis, reduce inflammation, and stimulate endogenous repair processes, making them a
cornerstone of regenerative efforts [16]. Moreover, the advent of biomaterials and scaffold-based
approaches allows for the creation of bioengineered tissues that closely mimic natural structures.
These techniques are particularly relevant for musculoskeletal injuries, where precise anatomical
reconstruction is critical. By addressing the structural damage underlying functional impairments,
regenerative therapies provide a foundation for comprehensive recovery [5]. Table 1 illustrates the
key regenerative medicine techniques relevant in this regard.

Table 1. Comparative Table of Key Regenerative Medicine Techniques.

Technique Description Clinical Applications Outcomes

e . Promotes tissue repair,
Utilization of stem cells Musculoskeletal injuries, . p
reduces inflammation,

Stem Cell Therapy to regenerate or repair neurodegenerative .
. . . . enhances functional
damaged tissues. disorders, cardiac repair.
recovery.
Development of Enables anatomical

Skin grafts, organ

bioengineered tissues . .
reconstruction, cartilage

using scaffolds, cells,

restoration, improves

Tissue Engineerin . .
& & structural integrity, and

repair. _
and growth factors. P accelerates healing.
Layer-by-layer printin
yerby—ayerp & Bone repair, vascular Offers precise structural
L of biomaterials to create .
3D Bioprinting . grafts, organ models for  replication and reduces
complex tissue . ; .
testing. reliance on donor tissues.
structures.
Introduction of genetic Genetic disorders, cancer, Corrects genetic
Gene Therapy . . L .
material to correct or immunodeficiencies. mutations, enhances
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modify cellular targeted therapies, and
dysfunctions. improves cellular
functionality.
Balances immune
Use of agents to regulate Autoimmune diseases, responses, prevents
Immunomodulatory . . o
Agents immune responses and  chronic mﬂamm.aflon, comphcatlor'ls, and
promote healing. transplant medicine. supports tissue
regeneration.

The restoration of homeostasis—defined as the body’s ability to maintain stable internal condi-
tions—is another crucial aspect of rehabilitation. Homeostatic interventions focus on stabilizing
physiological systems such as metabolism, hormone regulation, and cardiovascular function to create
an optimal environment for healing. For example, metabolic recalibration through personalized nu-
tritional strategies has demonstrated significant benefits in patients with chronic diseases, helping to
reduce systemic inflammation and improve energy availability. Similarly, hormonal interventions
targeting thyroid or adrenal imbalances can enhance recovery outcomes by optimizing cellular repair
and regeneration processes. These interventions not only address existing imbalances but also pro-
vide a preventative framework, reducing the likelihood of recurrent health issues [3].

The immune system is a double-edged sword in recovery, capable of both facilitating and hin-
dering the healing process. Immunological training aims to harness the positive aspects of immune
function while mitigating the risks of excessive inflammation or autoimmune complications. For ex-
ample, therapies involving cytokine modulation have shown promise in reducing chronic inflamma-
tion while promoting tissue repair. Proactive strategies, such as vaccines targeting specific immune
pathways, are also being explored to prevent infections and enhance resilience during rehabilitation.
Furthermore, immunomodulatory agents, including monoclonal antibodies, are increasingly used to
fine-tune immune responses, ensuring that they align with the body’s repair needs [17].

The human microbiome, particularly the gut microbiota, plays a pivotal role in regulating im-
mune, metabolic, and neurophysiological pathways critical for recovery. Microbiome modulation
through probiotics, prebiotics, and postbiotics has emerged as a key component of holistic rehabili-
tation strategies. The gut microbiota influences systemic inflammation, nutrient absorption, and even
neural signaling, making it an essential factor in recovery. For instance, short-chain fatty acids (SCFAs)
produced by microbial fermentation are known to enhance T-cell differentiation and promote anti-
inflammatory responses. By restoring microbial diversity and stability, microbiome-targeted thera-
pies support overall health and complement other rehabilitation efforts. Emerging therapies involv-
ing fecal microbiota transplantation (FMT) have also shown potential in treating conditions associ-
ated with microbial dysbiosis, such as inflammatory bowel disease and systemic autoimmune disor-
ders, further highlighting the microbiome’s therapeutic value [4].

Overall, the integration of regenerative therapies, homeostatic interventions, immunological
training, and microbiome modulation represents a holistic approach to rehabilitation [18,19]. These
components are deeply interconnected, with each reinforcing the others to achieve systemic restora-
tion in that a) Regenerative therapies provide the structural basis for recovery, creating a platform for
functional restoration; b) Homeostatic interventions stabilize internal systems, ensuring a conducive
environment for healing; ¢) Immunological training refines defense mechanisms, preventing compli-
cations and optimizing repair; d) Microbiome modulation supports these processes by enhancing im-
mune regulation, reducing inflammation, and improving systemic health. This multidimensional ap-
proach shifts the focus from isolated treatments to comprehensive strategies that address the full
spectrum of recovery needs, paving the way for more resilient and adaptive health outcomes [4]. Box
1 schematically summarizes how a multidimensional approach offers a proactive vision for rehabili-
tation, addressing both immediate recovery needs and long-term health outcomes.

Box 1: The multidimensional approach to medical rehabilitation
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e Regenerative Medicine: Building the Foundation

At the core of the multidimensional framework for rehabilitation is regenerative medicine, a
field focused on repairing and replacing damaged tissues and organs. With innovations such as stem
cell therapies, tissue engineering, and 3D bioprinting, regenerative medicine provides the tools to
rebuild the physical structures necessary for recovery. These techniques enable cellular rejuvenation
and repair, offering new hope for conditions previously considered untreatable. From musculoskel-
etal injuries to neural damage, regenerative medicine serves as the cornerstone of recovery, creating
a foundation upon which other therapeutic strategies can build [20-24].

e Homeostatic Interventions: Stabilizing the System

Effective rehabilitation requires more than repairing damaged tissues; it demands a stable phys-
iological environment conducive to healing. Homeostatic interventions focus on restoring and main-
taining internal equilibrium, addressing systemic imbalances that can hinder recovery. These inter-
ventions encompass metabolic regulation, hormonal balancing, and the correction of chronic dysreg-
ulation, creating an optimized environment for cellular repair and systemic resilience. By ensuring
stability at the core of the body's systems, homeostatic approaches provide the groundwork for sus-
tained recovery and prevention of relapse [25-29].

o Immunological Training: Refining Biological Responses

The immune system plays a dual role in recovery, acting both as a driver of healing and a po-
tential impediment when dysregulated. Immunological training harnesses the immune system’s
power to balance pro-inflammatory and anti-inflammatory responses, ensuring optimal healing con-
ditions. By modulating immune pathways, therapies can prevent chronic inflammation, stimulate
angiogenesis, and promote tissue repair complications [30-33]. This shows how immunological in-
terventions, from cytokine therapies to adoptive immune cell transfer, refine the body's natural de-
fenses to enhance recovery and reduce.

e Microbiome Modulation: The Overlooked Partner

The human microbiome is increasingly recognized as a critical factor in rehabilitation and sys-
temic health. Particularly, the gut microbiota influences immune regulation, metabolic stability, and
neurophysiological processes, all of which are central to recovery. Microbiome modulation through
prebiotics, probiotics, and postbiotics supports these functions, offering a complementary approach
to conventional rehabilitation strategies [34-37]. This underlies the concept of microbiome manage-
ment as a therapeutic tool, emphasizing its potential to improve outcomes across diverse rehabilita-
tion contexts.

e Interconnected Mechanisms

Rehabilitation is not merely the sum of isolated interventions but a dynamic interplay of inter-
connected systems. Regenerative medicine, homeostasis, immunity, and microbiome modulation do
not function in silos; instead, they form a synergistic network that supports recovery at multiple lev-
els [11,18,38,39]. These components interact, reinforcing one another to enhance outcomes.

3. The Role of the Immune System in Rehabilitation and Tissue Regeneration

The immune system is a central orchestrator of rehabilitation and tissue regeneration, playing
multifaceted roles in initiating, sustaining, and resolving healing processes. Through its ability to
modulate inflammation, promote angiogenesis, stimulate repair mechanisms, resolve inflammation,
and facilitate immunomodulation, the immune system integrates multiple biological pathways to
support effective tissue regeneration.

Inflammation is the body's initial response to tissue damage, and the immune system plays a
critical role in regulating this process. Controlled inflammation is essential for clearing cellular debris
and pathogens, creating a clean environment for tissue repair. Innate immune cells such as macro-
phages and neutrophils are among the first responders, releasing pro-inflammatory cytokines like
interleukin-1 (IL-1) and tumor necrosis factor-alpha (TNF-or). These cytokines recruit additional
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immune cells to the site of injury, amplifying the inflammatory response and initiating repair. How-
ever, excessive or prolonged inflammation can lead to chronic damage, making precise immune reg-
ulation critical [40].

The immune system facilitates the formation of new blood vessels (angiogenesis), a process es-
sential for supplying oxygen and nutrients to regenerating tissues. Macrophages, a key component
of the immune system, release vascular endothelial growth factor (VEGF) and platelet-derived
growth factor, which stimulate endothelial cells to form capillaries. This vascularization ensures that
regenerating tissues receive the metabolic support required for repair and functional recovery. An-
giogenesis is particularly vital in contexts such as wound healing, myocardial repair, and bone re-
generation [41].

Immune cells play a critical role in activating the body’s own repair mechanisms by releasing
growth factors and cytokines. For example, macrophages secrete transforming growth factor-beta
(TGF-B) and insulin-like growth factor-1, which promote the proliferation and differentiation of res-
ident stem cells. These factors facilitate tissue regeneration in multiple contexts, from skeletal muscle
repair to neural regeneration. Additionally, the interplay between immune cells and local stem cell
niches helps maintain a balance between repair and fibrosis, ensuring optimal functional recovery
[42].

Equally important as initiating inflammation is the resolution phase, where the immune system
actively suppresses pro-inflammatory signals to prevent chronic inflammation and fibrosis. Special-
ized pro-resolving mediators, including resolvins and protectins, are lipid mediators derived from
omega-3 fatty acids that guide this resolution phase. Regulatory T cells (Tregs) and alternatively ac-
tivated macrophages (M2 macrophages) contribute to anti-inflammatory signaling, promoting tissue
remodeling and scar reduction. This resolution phase is critical for avoiding complications such as
excessive fibrosis, which can impair functional recovery [43].

Harnessing the immune system through immunomodulatory therapies represents a cutting-
edge approach in regenerative medicine. Strategies such as cytokine therapy, immune checkpoint
inhibitors, and adoptive T-cell transfer have shown promise in enhancing tissue repair. For example,
therapies targeting interleukin-10 (IL-10) and TGF-f can tilt the balance toward anti-inflammatory
responses, optimizing the healing environment. Additionally, biomaterials that modulate immune
responses are being developed to create pro-regenerative microenvironments. These advancements
highlight the therapeutic potential of immune modulation in improving rehabilitation outcomes [44].

Effective tissue regeneration depends on the immune system's ability to balance pro-inflamma-
tory and anti-inflammatory responses. An optimal immune response is characterized by a timely
transition from the pro-inflammatory to the resolution phase, minimizing tissue damage while pro-
moting repair. Dysregulation of this balance, whether through excessive inflammation or inadequate
resolution, can result in chronic conditions such as fibrosis, delayed healing, or autoimmune diseases.
Thus, understanding and manipulating this balance is a cornerstone of contemporary rehabilitation
science [45] .

In conclusion, the immune system is a pivotal player in rehabilitation and tissue regeneration,
orchestrating the processes of inflammation, angiogenesis, endogenous repair, and resolution. Ad-
vances in immunology have opened new avenues for leveraging these mechanisms in therapeutic
strategies, offering hope for enhanced recovery in a wide range of medical conditions. By under-
standing and harnessing the immune system's complexity, researchers and clinicians can pave the
way for more effective and holistic approaches to rehabilitation and regenerative medicine.

4. Immunological Training: Refining Biological Responses

The immune system is a cornerstone of the body’s ability to heal and recover, performing a dual
role as both a catalyst for tissue repair and a potential source of pathological complications when
dysregulated. In this complex interplay, immunological training represents a cutting-edge approach
that leverages the immune system’s natural capabilities while minimizing risks. By refining the bal-
ance between pro-inflammatory and anti-inflammatory responses, immunological training ensures
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that the immune system operates within an optimal therapeutic window, facilitating efficient recov-
ery without incurring the damage associated with chronic or excessive inflammation. For expanding
the concept of medical rehabilitation to include regenerative, homeostatic, and immunological inter-
ventions, the following considerations may be taken into account:

o The Immune System as a Driver of Healing

The immune system initiates the healing process through inflammation, a natural response to
injury or infection. In the acute phase, immune cells such as macrophages and neutrophils infiltrate
the damaged tissue, releasing pro-inflammatory cytokines like IL-1 and TNF-ca. These cytokines not
only recruit additional immune cells to the site but also clear cellular debris and pathogens, laying
the groundwork for subsequent repair. This inflammatory phase is indispensable for activating
downstream processes such as angiogenesis, tissue remodeling, and stem cell activation. However,
the challenge lies in ensuring that this phase is appropriately regulated to avoid chronic inflammation,
which can lead to fibrosis, delayed healing, or autoimmunity. Undoubtedly, immunological training
may be an important mechanism for precision control of the immune system, as it involves interven-
tions designed to enhance or suppress specific immune responses, depending on the clinical context.
At its core, this approach seeks to achieve precision control of immunological processes, tailoring
their activity to meet the specific demands of tissue recovery. Key strategies in this regard include
cytokine therapy and monoclonal antibodies. Administering or inhibiting cytokines to modulate the
inflammatory response. For instance, IL-10 is a potent anti-inflammatory cytokine that can suppress
excessive immune activity, while granulocyte-macrophage colony-stimulating factor promotes mac-
rophage activity and tissue repair[46]. Targeting specific immune pathways to block pro-inflamma-
tory signals or enhance reparative processes [17,40,41,43—45,47,48]. Drugs such as infliximab, which
inhibits TNF-a, have shown promise in reducing chronic inflammation in autoimmune diseases
while supporting healing [49,50].

e Enhancing Angiogenesis Through Immune Modulation

Angiogenesis, the formation of new blood vessels, is a critical aspect of tissue repair that is
closely regulated by the immune system. Immune cells such as macrophages and T-cells release
VEGEF, a key signaling molecule that stimulates endothelial cell proliferation and migration. VEGF
plays a central role in creating new vascular networks, ensuring that regenerating tissues receive
adequate oxygen and nutrients to support effective recovery [51]. Inmunological training strategies
that enhance angiogenesis, such as VEGF-boosting therapies, are particularly relevant in contexts
where inadequate blood supply impairs healing. For example, in myocardial infarction and chronic
wounds, targeted interventions that stimulate VEGF production have shown promise in accelerating
vascularization and improving clinical outcomes [52,53]. Furthermore, therapies utilizing macro-
phage polarization to the M2 phenotype, which promotes pro-angiogenic activity, have demon-
strated efficacy in preclinical models of ischemic injury [54]. These advances underscore the thera-
peutic potential of immune modulation in restoring vascular integrity and facilitating recovery.

o Preventing Chronic Inflammation: The Role of Resolution Mediators

While initiating inflammation is critical, the resolution phase is equally important for completing
the healing process. Specialized pro-resolving mediators such as resolvins and protectins, derived
from omega-3 fatty acids, play a central role in terminating inflammation and promoting tissue re-
modeling. Immunological training can harness these molecules to accelerate the resolution phase,
reducing the risk of chronic inflammation and fibrosis. For example, therapies that enhance the ac-
tivity of Tregs or promote the M2 phenotype of macrophages are effective in creating an anti-inflam-
matory environment conducive to healing [55,56].

o Adoptive Immune Cell Transfer and Beyond

Recent advancements in immunology have introduced novel therapies such as adoptive im-
mune cell transfer, where immune cells are modified or expanded outside the body before being
reintroduced to the patient. This technique allows for highly targeted interventions, such as enhanc-
ing the reparative functions of Tregs or dendritic cells. Moreover, adoptive cell therapy has
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demonstrated potential in treating autoimmune conditions and enhancing recovery in transplant
medicine [57].
o Applications in Chronic and Acute Conditions

Immunological training is being increasingly applied across a spectrum of conditions, from
acute injuries to chronic diseases. In conditions like rheumatoid arthritis, where the immune system
plays a pathological role, therapies aim to suppress harmful immune responses while preserving
reparative functions. Conversely, in cases of acute trauma or infection, immunological training fo-
cuses on amplifying the immune system’s ability to repair tissue and fight pathogens. The versatility
of immunological approaches underscores their relevance to both rehabilitation and regenerative
medicine [58,59].

e Future Directions in Immunological Training

The field of immunological training is poised for significant advancements as new technologies
enable more precise manipulation of the immune system. Bioinformatics and artificial intelligence
are being used to identify novel immune targets, while nanotechnology facilitates the delivery of
immunomodulatory agents with unprecedented accuracy [59]. Personalized medicine is also ex-
pected to play a crucial role, tailoring immunological interventions to the unique genetic and envi-
ronmental factors influencing each patient’s recovery. Overall, Inmunological training represents a
transformative approach in medical rehabilitation, redefining the role of the immune system as a
carefully regulated driver of recovery [60]. By balancing pro-inflammatory and anti-inflammatory
responses, enhancing angiogenesis, and leveraging advanced therapies such as adoptive immune cell
transfer, this field is unlocking new possibilities for treating a wide range of conditions. As research
continues to uncover the complexities of immune regulation, immunological training is set to become
an integral component of holistic rehabilitation strategies, improving outcomes for patients world-
wide [61].

5. Conceptual Link with Microbiome and Homeostasis

The human microbiome, comprising trillions of microorganisms residing on and within the
body, plays an essential role in maintaining homeostasis and promoting overall health [62]. As re-
search into the microbiome advances, its critical connection to systemic health and rehabilitation out-
comes becomes increasingly clear. This section explores the microbiome’s profound influence on im-
mune function, metabolic regulation, and systemic balance, positioning it as a cornerstone in modern
rehabilitation strategies. Box 2 exemplifies how the microbiome can influence regenerative processes.

Box 2: The microbiome influences regenerative processes through several mechanisms

1. Metabolic Modulation: The gut microbiota can modulate metabolic pathways, which are crucial for
tissue regeneration. For example, certain bacterial candidates have been identified that poten-
tially influence liver regeneration by modulating these pathways [63-65].

2. Immune System Interaction: The microbiome interacts with the host's immune system, influencing
inflammation and immune responses that are critical for regeneration. This interaction can either
promote or inhibit regenerative processes depending on the balance of microbial communities.

3. Neuroregeneration: The gut microbiota has been shown to impact the peripheral nervous system,
affecting nerve injury and regeneration. This suggests a role for the microbiome in neuroregen-
erative processes [18,66,67].

4. Patterning and Development: In some organisms, the microbiome can alter regenerative processes
to influence developmental patterning outcomes, indicating a role in tissue and organ regenera-
tion [68-70].

5. Skin and Keratinocyte Function: The skin microbiome influences host immunity and keratinocyte
function, which are essential for skin regeneration and repair [71-74].
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Overall, the microbiome plays a significant role in modulating various regenerative processes
across different tissues and systems, highlighting its potential as a therapeutic target in regenerative
medicine.

Further conceptual links to be considered in this regard may include:

e Microbiome and Immune Function

The gut microbiota serves as a pivotal regulator of immune system development and function-
ality [66]. During early life, exposure to a diverse microbiota helps "train" the immune system, ena-
bling it to distinguish between harmful pathogens and benign antigens. This process of immune ed-
ucation continues throughout life, with microbial metabolites influencing the differentiation of Tregs
and modulating inflammatory responses [75]. Particularly, in the context of rehabilitation, modulat-
ing the microbiome offers significant therapeutic potential. Probiotics —live beneficial bacteria—and
prebiotics —nutritional compounds that promote the growth of beneficial microbes—can enhance im-
mune responses and reduce systemic inflammation[15]. For example, probiotic strains like Lactobacil-
lus rhamnosus and Bifidobacterium breve have demonstrated efficacy in reducing inflammatory mark-
ers, accelerating recovery from inflammatory diseases, and improving outcomes in conditions such
as irritable bowel syndrome and autoimmune disorders [76,77].

e Prebiotics, Probiotics, and Postbiotics: Restoring Microbial Balance

Disruptions in the microbiome, known as dysbiosis, are linked to a wide range of health issues,
including metabolic disorders, immune dysregulation, and chronic inflammation. Thus, restoring
microbial balance is critical for maintaining systemic homeostasis [78]. In recent years, the emergence
of evidence linking gut dysbiosis to a wide range of human diseases has sparked the development of
microbiome-based therapeutic approaches. Probiotics, indeed, help replenish beneficial bacterial
populations, while prebiotics like inulin and fructooligosaccharides feed these bacteria, supporting
nutrient absorption, metabolic efficiency, and pathogen resistance. Although these approaches have
shown promise in various disease contexts, their widespread use has been limited by numerous chal-
lenges, including the intestinal survival of orally administered probiotics or the risk of transferring
potential pathogens to the new host by FMT [78]. In addition, as the existing microbial community
influences the efficacy of these microbiome-based therapeutic strategies, the interindividual variabil-
ity could be a limiting factor. However, postbiotic-based therapeutics can overcome these caveats.
As microbial metabolites largely contribute to the beneficial effects of commensal microbes and their
efficacy is less dependent from the composition of endogenous flora, their administration may be
more universally applicable than targeting phylogeny [79]. Postbiotics, such as SCFAs, tryptophan
(Trp) metabolites, bile acids and antimicrobial peptides — in addition to others — have proven to di-
rectly influence host physiology by reducing oxidative stress, modulating immune responses, and
promoting intestinal barrier integrity [80-82]. SCFAs such as acetate, butyrate, and propionate, pro-
duced by gut microbiota through the fermentation of fibers, act as signaling agents that influence
inflammatory pathways, immune cell differentiation, and metabolic homeostasis. The implications
of SCFAs extend beyond the gastrointestinal tract. Their ability to cross the gut barrier allows them
to exert systemic effects, including modulation of pulmonary inflammation, improved insulin sensi-
tivity, and neuroprotective functions. In the context of rehabilitation, SCFAs have been linked to en-
hanced recovery outcomes by mitigating inflammatory cascades and promoting a favorable immune
response. Therapeutic strategies aimed at boosting SCFA production through dietary prebiotics or
targeted probiotic supplementation offer a promising avenue for integrating microbiota modulation
into comprehensive rehabilitation frameworks [83].

In recent years, microbial Trp metabolites, such as indole and derivatives, have also emerged as
key metabolites [84,85]. Functioning as unique microbial molecules signaling via the aryl hydrocar-
bon receptor (AhR) [86], indole and derivatives thereof play a crucial role in maintaining health and
immune homeostasis at mucosal surfaces [39,87]. Activation of AhR modulates cytokine production,
enhances regulatory T-cell differentiation, and fosters anti-inflammatory environments conducive to
tissue repair [80].
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Together, these interventions contribute to a stable internal environment, creating a foundation
for systemic recovery and resilience [88]. Table 2 illustrates the roles of probiotics, prebiotics, and
postbiotics in rehabilitation.

Table 2. Roles of Probiotics, Prebiotics, and Postbiotics in Rehabilitation.

Component Role Mechanisms Benefits

Probiotics Live beneficial bacteria =~ Compete with pathogens, pro- Supports immune modula-
administered to restore  duce bioactive compounds, and tion, improves digestion, and
microbial balance. enhance immune cell activity. accelerates recovery.

Prebiotics Nutritional compounds  Fermented by gut microbiota to Enhances gut microbiota di-
that promote the produce bioactive metabolites. versity, supports nutrient ab-
growth of beneficial sorption, and stabilizes ho-
bacteria. meostasis.

Postbiotics ~ Bioactive compounds Directly influence host physiol- Reduces oxidative stress, sys-
produced by probiotics, ogy through anti-inflammatory temic inflammation, pro-
such as SCFAs, indole and antioxidant effects and pro- motes tissue healing and sys-
derivatives or peptides.  moting gut barrier integrity. temic homeostasis.

e Microbiome and Metabolic Homeostasis

The microbiome is intricately linked to metabolic processes, influencing everything from glucose
regulation to energy expenditure. Bioactive metabolites interact with host metabolic pathways and
play a crucial role in maintaining glucose and lipid homeostasis, regulating appetite, and preventing
metabolic disorders [89]. In rehabilitation, targeting the microbiome to stabilize metabolic processes
can have far-reaching benefits, particularly in patients with diabetes, obesity, or metabolic syndrome.
Emerging therapies include FMT, which transfers healthy microbiota from a donor to a recipient to
restore balance and improve metabolic outcomes [19]. These therapies exemplify how microbiome
modulation can directly enhance rehabilitation strategies by addressing underlying metabolic dys-
functions.

e Microbiome Modulation: Indole-Based Postbiotics in Pulmonary Rehabilitation

Studies have already shown that integrating microbiome-targeted interventions, such as tailored
dietary regimens or probiotic therapies, can enhance pulmonary rehabilitation. For example, Lacto-
bacillus and Bifidobacterium strains have demonstrated efficacy in reducing respiratory inflamma-
tion and improving lung function in clinical trials [90,91]. In chronic obstructive pulmonary disease
(COPD), pulmonary rehabilitation is associated with changes in oral microbiota that contributed to
the benefits of the rehabilitation [92].

Because of the multifactorial nature of many chronic human diseases, microbial metabolites ca-
pable of targeting multiple features of disease pathogenesis may offer the opportunity to greatly im-
prove clinical outcomes. Considering the stability and the suitability for dose-dependent administra-
tion of postbiotics, they can be viewed as attractive therapeutic options. However, there are chal-
lenges associated with their administration, such as the rapid metabolism upon parenteral admin-
istration or the premature metabolism in the upper intestinal tract after oral administration. This ne-
cessitates the use of appropriate biopharmaceutical formulations designed to ensure controlled and
targeted delivery of microbial metabolites, enhancing therapeutic efficacy while minimizing un-
wanted toxicities and preventing off-target effects [93].

Recent studies have highlighted the therapeutic potential of indole-based postbiotics, particu-
larly in enhancing systemic recovery mechanisms and supporting targeted rehabilitation strategies
[94]. In pulmonary rehabilitation, indole-based postbiotics offer unique benefits through the gut-
lung axis, a bidirectional relationship in which gut microbiota influence pulmonary health via im-
mune and inflammatory pathways and viceversa [92,95-97]. Accumulating evidence also
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underscores the role of local microbial diversity in maintaining respiratory homeostasis, particularly
in conditions such as COPD and asthma. Dysbiosis — characterized by reduced microbial diversity
and increased pathogenic strains — has been associated with exacerbated lung inflammation, im-
paired recovery, and cancer [98]. Microbial metabolites regulate pulmonary immunity by modulating
cytokine production, enhancing the activity of Tregs, and influencing alveolar macrophage function.
By functioning as a proton ion carrier — thereby modulating membrane potential of epithelial cells,
influencing alveolar macrophage functionality and reducing cytokine-induced pulmonary inflam-
mation — these postbiotics support respiratory recovery. At the same time, indole derivatives can act
as signaling molecules regulating microbial growth and virulence, thus contributing to microbial eu-
biosis and functioning [83,95]. Thus, by engaging specific molecular pathways, they shape immune
and microbial responses during recovery and rehabilitation.

The feasibility of respiratory administration, such as aerosolized formulations of indole deriva-
tives, is an emerging area of focus. This route bypasses systemic metabolic challenges, directly deliv-
ering therapeutic agents to target tissues and accelerating recovery in chronic obstructive pulmonary
disease and post-viral syndromes [81]. Integrating indole-based postbiotics into rehabilitation proto-
cols holds promise for synergizing microbiome modulation with systemic and localized interventions.
These strategies, particularly when paired with regenerative medicine approaches, enhance out-
comes by addressing microbial dysbiosis and leveraging microbiota-host interaction pathways [82].
Undoubtedly, harnessing these mechanisms therapeutically could involve precision prebiotic formu-
lations designed to enhance metabolite production or postbiotic approaches delivering bioactive mi-
crobial metabolites directly. Such strategies align with personalized rehabilitation programs, opti-
mizing recovery outcomes for diverse patient populations. Altogether, these findings support a
broader implementation of gut microbiota modulation in rehabilitation protocols for respiratory con-
ditions. Table 3 illustrates a potential therapeutic roadmap along this direction.

Table 3. Therapeutic Roadmap: Steps for Integrating Microbiome Modulation into Personalized Rehabilitation

Plans.
Step Description Actions Expected Benefits

1. Baseline Evaluate the patient’'s mi-  Conduct gut microbiota Personalized insights

Assessment crobiome profile and analysis, assess dietary hab-  into microbiome health
overall health status. its, and identify dysbiosis or  and targeted interven-

imbalances. tion planning.

2. Targeted Design a dietary strategy ~ Incorporate prebiotics (e.g., Enhances gut microbiota

Nutritional Plan to support microbial di- inulin, fructo-oligosaccha- diversity, supports meta-
versity and SCFA produc-  rides; FOS) and fiber-rich bolic homeostasis, and
tion. foods into the patient’s diet. ~ improves recovery.

3. Probiotic Introduce beneficial live Prescribe specific probiotic Restores microbial bal-

Supplementation bacteria tailored to indi- strains based on identified ance, reduces inflamma-
vidual needs. deficiencies (e.g., Lactobacil-  tion, and boosts immune

lus, Bifidobacterium). resilience.

4. Postbiotic Incorporate bioactive me- ~ Use SCFA supplements or Strengthens gut barrier

Integration tabolites produced by postbiotic formulations to integrity, modulates im-
beneficial bacteria into the ~ enhance systemic and local- ~ munity, and accelerates
therapy plan. ized recovery. tissue healing.

5. Monitor and Regularly assess microbi-  Perform follow-up microbi-  Ensures sustained micro-

Adjust ome-related health out- ota analyses and adapt die-  biome health and opti-
comes to refine the reha-  tary or supplementation mizes long-term rehabili-
bilitation plan. strategies. tation outcomes.

6. Gut-Health Empower patients with Provide guidance on diet, Promotes long-term

Education knowledge about lifestyle, and probiotic use to  health resilience and

prevent dysbiosis.
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maintaining a healthy mi- prevents recurrence of
crobiome. imbalances.

o The Holistic Health Approach in Rehabilitation

As mentioned above, integrating microbiome management into rehabilitation strategies offers a
holistic approach that addresses both physical and systemic health. The microbiome’s influence ex-
tends beyond the gut, affecting neurophysiological processes, mood, and cognitive function through
the gut-brain axis [85]. For instance, microbial metabolites such as serotonin precursors can impact
mental health, highlighting the microbiome’s role in psychological well-being during recovery. Thus,
by combining microbiome modulation with other rehabilitation strategies, such as regenerative med-
icine and immune training, a comprehensive recovery process can be achieved. This integration en-
sures that rehabilitation efforts target not only localized injuries but also systemic imbalances that
could hinder full recovery. Long anticipated by pioneering work [34], the expected result is a more
robust, sustainable approach to healing, particularly in complex conditions such as autoimmune dis-
eases, chronic fatigue syndrome, and neurodegenerative disorders.

Taken as a whole, these considerations support the concept of the microbiome’s profound influ-
ence on immune function, metabolic regulation, and systemic homeostasis makes it an indispensable
element of modern rehabilitation frameworks. By leveraging prebiotics, probiotics, postbiotics, and
advanced microbiome-targeted therapies, clinicians can address the root causes of systemic dysfunc-
tion, creating a fertile environment for recovery. As our understanding of the microbiome continues
to evolve, its integration into holistic rehabilitation strategies promises to redefine therapeutic possi-
bilities, improving both immediate and long-term outcomes for patients.

6. Conclusions

The convergence of microbiome science and regenerative medicine offers unprecedented oppor-
tunities for enhancing rehabilitation outcomes. Probiotic and prebiotic therapies can complement re-
generative strategies by creating a microenvironment conducive to cellular repair and tissue regen-
eration. Emerging research also suggests that combining microbiome-targeted interventions with
stem cell therapies can synergistically improve outcomes. For instance, prebiotic supplementation
has been demonstrated to enhance the efficacy of mesenchymal stem cell treatments by modulating
systemic inflammation and promoting a regenerative phenotype. This integrative approach repre-
sents a paradigm shift in rehabilitation, focusing on systemic optimization rather than isolated inter-
ventions Figure 1.
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Figure 1. A multidimensional rehabilitation framework. This framework represents the interplay between key
components essential to a comprehensive medical rehabilitation paradigm ensuring internal homeostasis con-
ducive to healing and optimal function —1. Regenerative Medicine: Focuses on repairing and regenerating dam-
aged tissues and organs using techniques such as stem cell therapy, tissue engineering, and biomaterials. These
methods provide the structural foundation for recovery and rehabilitation; 2. Immunological Training: Enhances
the immune system’s capacity to respond effectively to injuries and infections. Strategies include controlled an-
tigen exposure, immunotherapy, and exercise-induced immune modulation to build resilience and facilitate re-
covery; 3. Microbiome Modulation: Explores the pivotal role of the gut microbiome in health and disease. Pro-
biotics, prebiotics, and dietary interventions are used to regulate systemic inflammation, modulate immune re-
sponses, and stabilize metabolic processes, thereby supporting rehabilitation efforts. These components con-
verge in a holistic rehabilitation program (Integrated approach) addressing physical, immunological, and meta-
bolic needs of the patient. Each component is integrated dynamically across the rehabilitation timeline. Person-

alized interventions are developed to optimize recovery, improve functional outcomes, and enhance quality of
life.

As the field advances, microbiome-based biomarkers are poised to become essential tools for
predicting rehabilitation outcomes and tailoring interventions. Specific microbial signatures or me-
tabolite profiles could guide therapeutic decisions, enabling clinicians to adopt a precision medicine
approach. Furthermore, novel microbiome-targeted therapeutics, such as engineered probiotics or
phage therapy, offer exciting prospects. Engineered probiotics could be designed to produce specific
metabolites or modulate immune pathways, while phage therapy could selectively target pathogenic
strains, restoring microbial balance without disrupting beneficial communities. These innovations
hold significant promises for addressing the complex needs of patients undergoing rehabilitation
[96,97].

Translating microbiome research into clinical practice requires actionable strategies tailored to
specific rehabilitation contexts. For pulmonary rehabilitation, dietary interventions rich in fermenta-
ble fibers, coupled with targeted probiotic supplementation, can enhance recovery by modulating
gut-lung interactions. In chronic conditions such as diabetes or metabolic syndrome, microbiome-
targeted therapies can stabilize systemic inflammation and improve metabolic control. Future proto-
cols should also integrate patient-specific factors, such as genetic predispositions and baseline micro-
bial diversity, to personalize interventions [99,100]. By leveraging microbiome science in conjunction
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with established rehabilitation methodologies, clinicians can achieve more comprehensive and sus-
tainable recovery outcomes [98].
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Abbreviations
MSCs mesenchymal stem cells
SCFAs short-chain fatty acids
FMT fecal microbiota transplantation
IL-1 like interleukin-1
TNF-a tumor necrosis factor-alpha
VEGF vascular endothelial growth factor
TGF- transforming growth factor-beta
Tregs Regulatory T cells
M2 macrophages
IL-10 interleukin-10
Trp tryptophan
AhR aryl hydrocarbon receptor
COPD chronic obstructive pulmonary disease
FOS fructo-oligosaccharides
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