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KEY POINTS

� Radiation’s Dual Impact: Radiation therapy effectively targets malignancies but causes
collateral damage to healthy tissues, leading to DNA damage, oxidative stress, and
inflammation, with potential for tissue regeneration.

� Critical Role of Signaling Pathways: Regeneration is driven by pathways such as Wnt,
Hedgehog, Notch, and p53, which regulate stem cell activity, DNA repair, and tissue
restoration.

� Immune System Modulation: The immune system orchestrates regeneration through
macrophage polarization and mast cell activity, balancing inflammation and repair post
radiation.

� Emerging Therapeutics: Advanced therapies, including low-dose radiation, stem cell-
based interventions, and extracellular vesicles, are revolutionizing approaches to tissue
regeneration.

� Future Directions: The integration of precision medicine, artificial intelligence, and bio-
engineered scaffolds offers transformative potential for radiation-induced tissue repair
and regenerative medicine.
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Abbreviations

AI artificial intelligence
DDR DNA damage response
ECM extracellular matrix
EVs extracellular vesicles
GI gastrointestinal
HSCs hematopoietic stem cells
HT hepatocyte transplantation
LDR low-dose radiation
MSC mesenchymal stem cells
revSCs revival stem cells
RILD radiation-induced liver disease
ROS reactive oxygen species
RT radiation therapy
SBRT stereotactic body radiotherapy
TGF-b transforming growth factor-beta
TNF-a tumor necrosis factor-alpha
Tregs regulatory T cells
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INTRODUCTION

Radiation, both as a medical intervention and an environmental hazard, poses com-
plex challenges and opportunities in the biological context. High-energy radiation is
a cornerstone in cancer therapy, harnessed to eradicate malignant cells. However,
its collateral effects on healthy tissues often lead to debilitating acute and chronic
complications. This duality has driven extensive research into understanding how tis-
sues respond to radiation-induced damage and, more importantly, how to optimize
repair mechanisms through regenerative approaches.
The impact of radiation on biological tissues is 2-fold. Radiation induces targeted

DNAdamage in cancer cells at therapeutic doses, leading to their apoptosis and senes-
cence. However, neighboring healthy tissues often suffer collateral damage character-
ized by oxidative stress, mitochondrial dysfunction, and inflammatory responses.1,2

This damage is exacerbated in tissueswith high turnover rates, such as the gastrointes-
tinal epithelium and hematopoietic systems, making radiation-induced gastrointestinal
syndrome and bone marrow suppression some of the most severe side effects.2

Radiation disrupts cellular homeostasis by directly damaging DNA and generating
reactive oxygen species (ROS). These processes lead to apoptosis and necrosis,
acute cellular death in radiosensitive tissues; senescence, marked by persistent
cellular dysfunction in chronic phases; and fibrosis, involving deposition of excessive
extracellular matrix (ECM) that impairs tissue elasticity and function.3–5 At the molec-
ular level, key signaling pathways such as p53, Wnt, Notch, Hedgehog, and Hippo play
dual roles in mediating damage responses and orchestrating repair mechanisms.6 For
instance, p53 is activated to induce apoptosis in severely damaged cells, while tran-
sient p53 activation promotes the reprogramming of damaged intestinal epithelial cells
into revival stem cells (revSCs), enabling regeneration.7–11

Regeneration is the biological process by which tissues repair or replace damaged
components, restoring structure and function. Table 1 highlights the varying regener-
ative capacities among species, fromHydra’s complete body regeneration to human’s
limited repair mechanisms, emphasizing the evolutionary trade-offs between
complexity and survival strategies. In humans, regenerative capacity varies across tis-
sues. Table 2 outlines the regenerative abilities of key organs, highlighting their under-
lyingmechanisms and the dual roles of immune cells in promoting repair or contributing
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Table 1
Comparative regenerative abilities and survival mechanisms across organisms

Organism Regenerative Ability Key Mechanism Survival Impact

Hydra Complete body
regeneration

Stem cells, Wnt signaling High resilience in
aquatic environments

Planarian Whole body
regeneration

Neoblasts, polarity pathways Strong survival after
significant injuries

Axolotl Limb and organ
regeneration

Dedifferentiation, extracellular
matrix (ECM) support

High survival potential
in injury-prone areas

Starfish Limb regeneration Coelomocyte migration High survivability
post predation

Zebrafish Heart and spinal
regeneration

Cardiomyocyte proliferation Enhanced survival in
stressful environments

Humans Limited (eg, liver) Hepatocyte proliferation,
cytokines

Reliance on repair,
limited survival boost

Radiation-Induced Tissue Regeneration 433
to fibrosis, which ultimately influence recovery outcomes. The liver, skin, and bone
marrowexhibit high regenerative potential, while the brain, heart, and cartilage possess
limited capacity for repair.12–17 The degree of regeneration post radiation depends on
the survival of tissue-specific stem cells, the balance of immune responses, and the
activation of reparative signaling pathways. Tissue-specific stem cells, such as intesti-
nal crypt basecolumnar cells andbonemarrowhematopoietic stemcells, are critical for
recovery in their respective tissues.18 Immunemodulation, particularly the transition of
macrophages from a proinflammatory (M1) to an anti-inflammatory (M2) phenotype, is
essential for resolving inflammation and promoting tissue repair.19

Advances in radiation therapy, such as stereotactic body radiotherapy (SBRT) and
low-dose radiation (LDR), have shifted the paradigm from merely minimizing damage
to actively promoting regeneration. These techniques leverage precise delivery and
controlled dosing to reduce inflammation, stimulate immune responses conducive
to repair, and activate signaling pathways that promote stem cell recruitment and dif-
ferentiation.18,20–22 Furthermore, the integration of emerging therapies, such as stem
cell transplantation, extracellular vesicles (EVs), and targeted pathway modulators,
has opened new avenues for enhancing tissue regeneration post radiation.23,24
Table 2
Regenerative capacity, mechanisms, and immune system roles in organ repair

Organ
Regeneration
Capacity Mechanism of Regeneration Immune System Role

Lung Limited Alveolar type II cells (ATII)
proliferation, Bronchioalveolar
stem cells (BASCs) activation

Macrophages modulate
inflammation; neutrophils
contribute to fibrosis in
chronic inflammation

Liver High Hepatocyte proliferation,
progenitor cell activation

Kupffer cells stimulate
proliferation; macrophage
balance aids in fibrosis
resolution

Brain Very limited Neurogenesis in
hippocampus, glial
scar formation

Microglia clear debris;
neuroinflammation can
impede regeneration

Heart Minimal Limited cardiomyocyte
turnover, progenitor
cell activity

Macrophages initiate repair
but lead to fibrosis,
limiting recovery
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This article aims to synthesize current knowledge on radiation-induced tissue dam-
age and regeneration, offering a holistic view of the cellular andmolecular mechanisms
underlying radiation-induced injuries, the role of stem cells, immune responses, and
signaling pathways in repair, and emerging strategies to mitigate radiation toxicity
and enhance regenerative outcomes. Bybridging fundamental biologywith therapeutic
innovation, this article seeks to establish a roadmap for harnessing the regenerative po-
tential of tissues in the context of radiation exposure.
RADIATION-INDUCED TISSUE DAMAGE

Radiation exposure leads to multifaceted tissue damage, primarily mediated by direct
DNA damage and the generation of ROS. These mechanisms initiate a cascade of mo-
lecular events, culminating in acute injuries such as inflammation and necrosis, as well
as chronic complications like fibrosis and organ dysfunction. The severity of these ef-
fects depends on factors such as the radiation dose, exposure duration, and the radio-
sensitivity of the affected tissue.2,5

Acute radiation injury typically involves the rapid activation of cell death pathways,
including apoptosis and necrosis. This is particularly evident in tissues with high turn-
over rates, such as the gastrointestinal (GI) epithelium, bone marrow, and skin. For
example, in the GI tract, radiation disrupts intestinal stem cells, leading to compro-
mised epithelial barrier integrity and microbial translocation into systemic circulation.
These disruptions are hallmark features of gastrointestinal syndrome, a severe and
often fatal consequence of high-dose radiation exposure. Similarly, in bone marrow,
radiation depletes hematopoietic stem cells, resulting in anemia, immunosuppression,
and increased susceptibility to infections.25

At the molecular level, radiation induces double-strand DNA breaks, one of the most
lethal forms of DNA damage. Cells respond by activating the DNA damage response
(DDR) pathways, including ataxia-telangiectasia mutated (ATM), ataxia-telangiectasia
and rad3-related (ATR), and p53 signaling cascades, to initiate repair or, in cases of
severe damage, trigger apoptosis. However, persistent DDR activation can lead to
cellular senescence, characterized by irreversible growth arrest and the secretion of
proinflammatory cytokines and growth factors, collectively termed the senescence-
associated secretory phenotype.3,26

Chronic radiation injury is dominated by prolonged inflammation and fibrosis. Fibrosis,
a pathologic accumulation of ECM, results from the overactivation of fibroblasts and the
sustained release of profibrotic cytokines such as transforming growth factor-beta (TGF-
b) and connective tissue growth factor.27 This process impairs the architecture and func-
tionality of critical organs. For instance, pulmonary fibrosis resulting from thoracic radia-
tion limits lung elasticity and gas exchange, while myocardial fibrosis compromises
cardiac contractility and predisposes patients to long-term cardiovascular events.28–32

Radiation-induced damage also has profound effects on the vascular system. Endo-
thelial cells are highly sensitive to radiation and their dysfunction results in vascular
leakage, hypoxia, and impaired nutrient delivery to tissues (17, 18). These effects exac-
erbate tissue injury and hinder repair processes. In chronic phases, radiation-induced
vascular damage may contribute to delayed wound healing and increased susceptibil-
ity to ischemic injury.33,34

The immunesystemplaysaparadoxic role in radiation-induced tissuedamage.While
acute inflammatory responsesarenecessary for clearing cellular debris andpathogens,
chronic immune activation contributes to tissue dysfunction. Keymediators of this pro-
cess include macrophages and mast cells, which release inflammatory cytokines (eg,
interleukin-6 [IL-6], tumor necrosis factor-alpha [TNF-a]) and fibrotic agents (eg, TGF-
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b). Dysregulation of immune responses can perpetuate a cycle of damage and delayed
regeneration.19

Despite these challenges, tissues possess intrinsic repair mechanisms that may
counteract radiation-induced damage under certain conditions. The survival and acti-
vation of tissue-specific stem cells are critical for regeneration. Advances in radiation
therapy, such as low-dose fractionated radiation, aim to minimize collateral damage
while exploiting the body’s natural regenerative capabilities. Furthermore, emerging
strategies, such as stem cell therapies and immune modulation, hold promise for miti-
gating the effects of both acute and chronic radiation injuries.35,36

In summary, radiation-induced tissue damage encompasses acute and chronic ef-
fects mediated by oxidative stress, immune dysregulation, and fibrotic remodeling.
Understanding these mechanisms is pivotal for developing interventions that balance
effective radiation therapy with the preservation and promotion of tissue repair.
RADIATION THERAPY AND RADIATION-INDUCED LIVER DISEASE

Radiation therapy (RT) has been a cornerstone in the treatment of liver tumors,
including hepatocellular carcinoma and metastatic liver disease. Despite its potential
for precise tumor targeting, RT is constrained by the liver’s inherent sensitivity to radi-
ation. Radiation-induced liver disease (RILD) represents one of the most significant
complications arising from hepatic irradiation, particularly when high doses are admin-
istered. RILD typically presents several weeks to months after treatment and is char-
acterized by clinical manifestations such as jaundice, ascites, and elevated liver
enzymes. This condition is attributed to a combination of direct and indirect effects
of radiation on the liver.15 Radiation causes direct DNA damage in hepatocytes, lead-
ing to cell death. Indirectly, it induces oxidative stress and inflammatory responses
that exacerbate hepatocyte apoptosis, activate hepatic stellate cells, and promote
fibrosis. The regenerative capacity of the liver, which is normally robust, becomes
compromised in the presence of RILD due to energy deficits and excessive immune
activation that impair effective tissue repair.16

To address these limitations and restore hepatic function, hepatocyte transplanta-
tion (HT) has been explored as a therapeutic intervention. HT involves the introduction
of healthy, functional hepatocytes into the damaged liver, where they integrate into the
parenchyma and perform critical metabolic and regenerative roles. In preclinical
studies, Landis and colleagues16 demonstrated that HT could counteract the delete-
rious effects of radiation on liver tissue. Using a rat model, the researchers showed
that RT led to a significant depletion of hepatic ATP levels, indicative of impaired en-
ergy metabolism. This energy deficit was directly correlated with reduced liver regen-
eration. However, following HT, ATP levels were restored, and regenerative pathways
were reactivated. The transplanted hepatocytes not only replaced the function of
damaged cells but also modulated the local immune microenvironment, reducing
chronic inflammation and limiting fibrosis.
The potential of HT to mitigate RILD is particularly compelling when considering the

therapeutic implications for liver tumor treatment. RT remains an effective method for
targeting liver tumors, especially with advancements in techniques like SBRT and pro-
ton beam therapy. These methods enhance precision, delivering high doses of radia-
tion to tumors while sparing surrounding healthy tissue.37 However, even with these
advancements, the risk of RILD persists, particularly in patients with underlying liver
dysfunction, such as cirrhosis. HT offers a complementary approach by protecting
the liver from radiation-induced damage, thereby enabling the administration of
higher, more effective radiation doses without compromising liver function.
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The preclinical findings by Landis and colleagues16 have highlighted the potential for
combining HT with RT to expand treatment options for patients with liver tumors. The
integration of these therapies could address a critical unmet need, particularly for pa-
tients with compromised liver function who are currently excluded from receiving
aggressive radiation doses due to the risk of RILD. Additionally, HT could serve as a
bridge therapy for patients awaiting liver transplantation or as part of a multimodal
approach alongside systemic therapies like immunotherapy. By reducing the adverse
effects of radiation on healthy liver tissue, HT has the potential to improve therapeutic
outcomes and expand the application of RT in the treatment of liver tumors.
Further research is needed to translate these findings into clinical practice. Clinical

trials evaluating the safety, efficacy, and long-term benefits of HT in conjunction with
RT are essential. Future studies should also explore the optimization of HT protocols,
including the timing of hepatocyte infusion relative to radiation treatment and the se-
lection of donor cells to maximize regenerative potential. If successfully translated, HT
could revolutionize the management of liver tumors, enabling safer and more effective
use of radiation therapy, even in patients with underlying liver dysfunction. These
studies provide a promising foundation for the development of innovative therapies
that leverage the liver’s regenerative capacity to overcome the adverse effects of cur-
rent treatment paradigms.15,16
ROLE OF STEM CELLS IN REGENERATION

Stem cells play a pivotal role in the regeneration of tissues following radiation-induced
damage. These cells possess the unique ability to self-renew and differentiate into
specialized cell types, making them indispensable for tissue repair. Tissue-specific
stem cells, such as those located in the intestinal crypt base, bone marrow, and skin,
are especially critical in mitigating the effects of radiation injury and restoring normal tis-
sue function.
In the intestinal epithelium, crypt base columnar cells serve as the primary reservoir

for tissue repair after radiationdamage. Thesestemcells repopulate the intestinal lining,
maintaining barrier integrity and ensuring nutrient absorption.38 However, radiation
exposure often leads to a significant reduction in stem cell populations, compromising
their ability to regenerate tissues effectively.39–41 To counteract this, surviving stem
cells activate key signaling pathways, including Notch, Hedgehog, Wnt, and Hippo,
which orchestrate the processes of proliferation, differentiation, and survival.6

The Notch pathway, a key regulator of cell fate decisions, is activated in response to
radiation-induced damage. It ensures a balanced differentiation of intestinal stem cells
into absorptive enterocytes and secretory lineages, maintaining epithelial homeosta-
sis. Similarly, the Hedgehog pathway supports the survival of stem cells by regulating
cellular responses to oxidative stress and promoting tissue patterning during regener-
ation. Wnt signaling, critical for stem cell renewal, is upregulated following radiation
injury, driving the proliferation of surviving stem cells and enabling their differentiation
into functional epithelial cells. Additionally, the Hippo pathway plays a dual role by
regulating organ size and promoting regenerative responses in damaged tissues.6

A groundbreaking discovery by Morral and colleagues42 highlighted the emergence
of revSCs in the intestines post radiation. These cells, distinct from normal intestinal
stem cells, are transiently activated to restore epithelial integrity during severe injury.
The p53 pathway is central to the activation of revSCs, facilitating their reprogramming
and regenerative functions. The p53-Mdm2 feedback loop is particularly critical in this
process, ensuring a temporary activation of p53 to promote repair while preventing
prolonged activity that could lead to cell cycle arrest or apoptosis.42
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In the bonemarrow, hematopoietic stem cells (HSCs) play a crucial role in regenerat-
ing blood and immune cells post radiation. Radiation depletesHSCs, resulting in immu-
nosuppression and hematologic dysfunction.35,43 However, surviving HSCs can be
stimulated through cytokines like granulocyte colony-stimulating factor to accelerate
recovery.44,45 Similar regenerative dynamics are observed in the skin, where epidermal
stem cells regenerate the dermis and epidermis after radiation-induced injury.46–48

Emerging therapies aim to enhance stem cell-mediated regeneration post radiation.
Mesenchymal stem cells (MSCs), known for their immunomodulatory properties, have
shown promise in reducing radiation-induced inflammation and promoting tissue
repair. MSC-derived EVs are being explored for their ability to deliver regenerative sig-
nals to damaged tissues, offering a cell-free approach to stem cell therapy.23,48

The ability of stem cells to mediate regeneration also depends on their interaction
with the microenvironment. Radiation alters the stem cell niche, disrupting the
signaling cues necessary for repair. Advances in targeted radiation therapy, such as
SBRT and low-dose fractionated radiation, aim to preserve the stem cell niche while
maximizing therapeutic efficacy.49,50

In conclusion, stem cells are indispensable for regenerating tissues post radiation.
The activation of key signaling pathways, such as Notch, Hedgehog, Wnt, Hippo, and
p53, facilitates the recovery of tissue-specific stem cells and the emergence of revSCs
during severe injury. Therapeutic strategies that protect and enhance stem cell func-
tion hold immense potential for improving outcomes in radiation-exposed individuals.

PATHWAYS DRIVING REGENERATION

Tissue regeneration post radiation relies on the activation and modulation of key
signaling pathways that orchestrate cellular responses, stem cell behavior, and tissue
repair. These pathways are essential for maintaining stem cell viability, promoting
cellular proliferation, and coordinating the complex processes required for tissue resto-
ration. Table 3 highlights the conserved genetic pathways like Wnt, Notch, and fibro-
blast growth factor (FGF), which play crucial roles in regeneration across diverse
species, showcasing how these mechanisms contribute to tissue repair, proliferation,
and remodeling in both simple and complex organisms. Among these, theWnt, Notch,
Hedgehog, p53, and autophagypathways play critical roles, each contributing uniquely
to the regenerative process (Fig. 1).

Wnt Pathway

The Wnt signaling pathway is integral to stem cell renewal, proliferation, and angio-
genesis, making it indispensable for tissue repair.51 Activation of Wnt signaling pro-
motes the self-renewal of stem cells and their differentiation into specialized cell
types necessary for regeneration. This pathway is particularly important in tissues
such as the intestine and skin, where stem cell activity is crucial for maintaining epithe-
lial integrity.52 Wnt signaling also enhances angiogenesis by stimulating endothelial
cells, ensuring an adequate blood supply to regenerating tissues. However, dysregu-
lated Wnt activity can lead to excessive cellular proliferation and potential tumorigen-
esis, emphasizing the need for precise modulation in therapeutic applications.53

Notch Pathway

The Notch pathway governs cell fate decisions by regulating stem cell differentiation
and proliferation. In the context of radiation-induced damage, Notch signaling helps
maintain a balance between stem cell renewal and differentiation, ensuring the proper
restoration of tissue architecture.18 For example, in the intestinal epithelium, Notch
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Table 3
Key genes, pathways, and their roles in regeneration across organisms

Gene Pathway Role in Regeneration Organisms

Wnt1 Wnt Signaling Cell polarity,
proliferation

Hydra, Planarians,
Axolotls, Mammals

Notch1 Notch Signaling Stem cell
maintenance,
differentiation

Planarians, Zebrafish,
Mammals

Fgf2 Fibroblast growth
factor (FGF)
Pathway

Cell growth,
angiogenesis

Planarians, Zebrafish,
Mammals

Transforming
Growth Factor
Beta 2 (Tgf-b2)

transforming
growth
factor-beta
Pathway

Cell proliferation,
ECM remodeling

Hydra, Starfish,
Mammals

Sonic hedgehog
(Shh)

Hedgehog
Pathway

Tissue patterning,
organogenesis

Axolotls, Mammals

Matrix
metalloproteinase 2
(Mmp2)

Matrix
metalloproteinase
(MMP) Activity

ECM degradation,
tissue remodeling

Planarians, Starfish,
Mammals

Tumor necrosis
factor(TNF)-a

Immune Pathway Inflammation,
tissue repair

Starfish, Zebrafish,
Mammals
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signaling directs stem cells to replenish both absorptive enterocytes and secretory lin-
eages, preserving epithelial homeostasis.18 Notch signaling also plays a role in sup-
pressing excessive inflammation, thereby creating a favorable microenvironment for
tissue repair. Its dual role in regulating stem cell activity and immune responses under-
scores its importance in radiation-induced regeneration.

Hedgehog Pathway

TheHedgehog (Hh) pathway is critical for stemcell survival and tissue patterning, espe-
cially in tissues like the gastrointestinal (GI) tract, salivary glands, and bone marrow.
Hedgehog signaling is activated in response to radiation injury, promoting the survival
and migration of stem cells to damaged sites.54 In the salivary glands, Hedgehog
pathway activation has shown potential in mitigating radiation-induced xerostomia
by supporting the regeneration of acinar cells.55,56 Similarly, in the GI tract, Hedgehog
signaling coordinates with Wnt and Notch pathways to restore epithelial integrity.57

p53 Pathway

The p53 pathway plays a dual role in tissue regeneration. As a guardian of the genome,
p53 is activated in response to DNA damage, initiating repair processes or apoptosis in
severely damaged cells. However, transient activation of p53 also facilitates tissue
regenerationbypromoting the reprogrammingof damagedcells into functional progen-
itors.7 A notable example is the role of p53 in the activation of revSCs during severe in-
testinal injury, ashighlightedbyMorral andcolleagues.42 Thep53-Mdm2 feedback loop
ensures a controlled activation of p53, balancing repair and cell survival42

Autophagy

Autophagy, the cellular process of recycling damaged organelles and proteins, is
essential for maintaining stem cell health during regeneration. By clearing radiation-
induced damage, autophagy supports the survival and functionality of tissue-specific
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Fig. 1. This figure illustrates the progression from normal tissue through radiation-induced
injury to regeneration, highlighting the mechanisms involved in recovery. Radiation injury dis-
rupts tissue homeostasis through DNA damage, oxidative stress, and apoptosis, leading to
inflammation and necrosis. Regeneration involves the activation of key signaling pathways,
including Wnt, which promotes stem cell renewal, proliferation, and angiogenesis; Notch,
which balances stem cell differentiation and suppresses excessive inflammation; and Hedge-
hog, which supports stem cell survival, migration, and tissue patterning. The p53 pathway reg-
ulates DNA repair and apoptosis, activating revival stem cells for regeneration, while
autophagy maintains cellular health by clearing damaged components and supporting stem
cell function. Fibroblast growth factor enhances regeneration by promoting cell proliferation,
differentiation, angiogenesis, and providing antiapoptotic and antifibrotic effects. Together,
these pathways orchestrate the repair and restoration of damaged tissues, emphasizing the
complex interplay of signaling cascades in tissue recovery following radiation injury. “This
document is to confrm that Beata Ma1achowska has been granted a license to use the Bio-
Render Content, including icons, templates, and other original artwork, appearing in the
attached Completed Graphic pursuant to BioRender’s Academic License Terms. This license
permits BioRender Content to be sublicensed for use in publications (journals, textbooks, web-
sites, etc.). All rights and ownership of BioRender Content are reserved by BioRender. All
completed graphics must be accompanied by the following citation: “Created in BioRender.
Ma1achowska, B. (2024) https://BioRender.com/f43w592”. (Created in BioRender. Ma-
1achowska, B. (2024) https://BioRender.com/f43w592.)
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stem cells. In radiation-injured tissues, autophagy helps mitigate oxidative stress and
prevents the accumulation of toxic aggregates, enabling stem cells to focus on regen-
erative activities. This process is particularly important in high-turnover tissues such as
the intestine, where cellular homeostasis is critical for repair.18

Integration and Therapeutic Potential

The interplay between these pathways highlights the complexity of tissue regeneration.
While each pathway has distinct roles, their coordinated activation is essential for effi-
cient repair. Therapeutic strategies that target these pathways include as follows:
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� Wnt Modulators: Enhancing Wnt activity to boost stem cell proliferation in
damaged tissues.58

� Notch and Hedgehog Agonists: Promoting epithelial and glandular regeneration,
particularly in radiation-sensitive organs.39,59

� p53 Modulators: Leveraging transient p53 activation to optimize repair while
minimizing the risk of apoptosis or senescence.60,61

� Autophagy Enhancers: Supporting cellular clearance mechanisms to sustain
stem cell functionality.

These approaches offer promising avenues for enhancing tissue regeneration while
minimizing the long-term complications of radiation therapy.

IMMUNE SYSTEM’S ROLE IN RADIATION-INDUCED REGENERATION

The immune system plays a pivotal role in mediating tissue responses to radiation
injury, orchestrating both damage and repair through complex inflammatory and
regenerative processes. The interplay between immune cells and the injured microen-
vironment determines whether the tissue progresses toward recovery or chronic
dysfunction. Table 4 highlights how immune cells, such as macrophages and their
equivalents, play pivotal roles in regeneration, ranging from promoting scar-free tissue
repair in organisms like planarians and axolotls to initiating repair but causing fibrosis
in humans, reflecting the diversity of immune-mediated outcomes across species.
Harnessing these immune responses, particularly post radiation injury, presents a
promising avenue for enhancing tissue regeneration.19

Radiation exposure triggers an acute inflammatory response, characterized by the
recruitment of immune cells such as neutrophils, macrophages, and mast cells to the
injury site. Neutrophils are among the first responders, clearing cellular debris and
pathogens, but their excessive activity can exacerbate tissue damage.36 Following
neutrophil infiltration, macrophages and mast cells assume central roles in modulating
the tissue repair process.14,28,62

Macrophages are key mediators of inflammation and tissue regeneration. They
exhibit plasticity, transitioning from a proinflammatory (M1) to an anti-inflammatory
and proregenerative (M2) phenotype during the repair phase. M1 macrophages
secrete cytokines such as TNF-a and IL-6, which drive inflammation and recruit addi-
tional immune cells.19,36 In contrast, M2 macrophages release anti-inflammatory
cytokines like interleukin-10 (IL-10) and growth factors such as vascular endothelial
growth factor and TGF-b, which promote angiogenesis, ECM remodeling, and stem
cell recruitment.63

Mast cells, traditionally associated with allergic responses, are increasingly
recognized for their role in wound healing and tissue repair. As highlighted by
recent study,64,65 mast cells mediate inflammation and facilitate angiogenesis by
releasing histamine, proteases, and cytokines. However, their hyperactivation can
lead to chronic inflammation and delayed healing. Stabilizing mast cell activity
post radiation, using agents like disodium cromoglycate,66–68 has shown promise
in reducing excessive inflammation and creating a favorable microenvironment
for regeneration.69–71

Radiation also affects other immune cell populations, including dendritic cells,
T cells, and regulatory T cells (Tregs). Dendritic cells play a dual role by coordinating
immune responses and activating adaptive immunity, while Tregs suppress excessive
inflammation, helping to balance the immune response.72,73 This balance is critical, as
an unchecked immune response can lead to fibrosis and chronic tissue dysfunction,
while insufficient immune activity can impair tissue repair.
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Table 4
Summary of immune system roles in regeneration across organisms

Organism Immune Role in Regeneration Immune Cells Involved Effect on Regeneration

Hydra Release antimicrobial peptides, prevent infection Amoebocytes Supports tissue regrowth without fibrosis

Planarians Balance regeneration and debris
removal without scarring

Macrophage-like cells Enables scar-free tissue replacement

Axolotl Macrophages promote dedifferentiation
and cell proliferation

Macrophages Essential for scar-free limb and tissue regrowth

Starfish Coelomocytes assist in tissue patterning
and infection control

Coelomocytes Facilitates arm regeneration through ECM support

Zebrafish Macrophages modulate inflammation,
enable scar-free regeneration

Macrophages, neutrophils Promotes functional tissue regrowth

Humans Macrophages initiate repair but often cause fibrosis Macrophages, neutrophils,
lymphocytes

Limited regeneration, with scar formation common
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A critical component of radiation-induced regeneration is the resolution of inflam-
mation, which is necessary for transitioning from the damage phase to the repair
phase. Prolonged inflammation perpetuates tissue injury and fibrosis, highlighting
the importance of interventions that modulate immune activity. Strategies to stabilize
immune responses include as follows:

� Targeting Macrophage Polarization: Promoting the transition from M1 to M2
macrophages enhances the reparative phase, supporting angiogenesis and
ECM remodeling.74

� Mast Cell Stabilization: Using mast cell stabilizers to regulate degranulation re-
duces excessive cytokine release and supports tissue repair.66

� Treg Activation: Enhancing Treg activity mitigates chronic inflammation, fostering
a regenerative environment.75

The immune system also interacts with signaling pathways that drive regeneration.
For example, TGF-b released by M2 macrophages activates Wnt signaling, promoting
stem cell proliferation and tissue repair.19,36 Similarly, cytokines from mast cells and
Tregs influence Hedgehog and Notch pathways, further integrating immune re-
sponses with regenerative signaling.19,36

Emerging therapies aim to exploit these mechanisms. For instance, combining
immune-modulating agents with low-dose radiation has shown potential in enhancing
regeneration by modulating immune responses while minimizing damage. Addition-
ally, MSCs, known for their immunomodulatory properties, can interact with immune
cells to suppress inflammation and enhance repair.19,36

In summary, the immune system is a cornerstone of radiation-induced regeneration,
mediating inflammation and repair through a dynamic interplay of cell populations and
signaling molecules. Understanding and modulating these responses, particularly
macrophage polarization and mast cell activity, can optimize regenerative outcomes
and mitigate the adverse effects of radiation therapy.

THERAPEUTIC INTERVENTIONS

Radiation therapy has evolved to incorporate strategies that mitigate its deleterious ef-
fects while leveraging its potential to stimulate regeneration. Advances in dosing stra-
tegies, pathway modulation, and innovative therapies have expanded the therapeutic
landscape for radiation-induced tissue damage.

Radiation Dose and Fractionation

Table 5 provides an overview of how various radiation modalities impact regenerative
processes, from high-dose radiation’s inhibitory effects to promising applications like
low-dose radiation aiding repair and innovative approaches such as Flash Radio-
therapy minimizing toxicity while protecting healthy cells. Fractionation has been a
cornerstone of radiotherapy. This approach allows healthy tissues to repair between
sessions, reducing the risk of acute and chronic injuries.76 Fractionated radiation sup-
ports cellular repair mechanisms, such as DDR, and prevents the overwhelming oxida-
tive stress that accompanies high-dose radiation.77

LDR is emerging as a promising modality for enhancing tissue regeneration. Studies
indicate that LDR can as follows:

� Modulate immune responses by promoting a shift from proinflammatory (M1) to
anti-inflammatory (M2) macrophages, creating a regenerative environment.19,36

� Enhance stem cell activity by upregulating chemotactic factors such as stromal
cell-derived factor-1, which recruits stem cells to injury sites.78,79
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Table 5
Summary table of radiation types and effects on regeneration

Radiation Type Dose Range Impact on Regeneration Potential Applications

High-Dose Radiation > 2 Gy DNA damage, fibrosis, impedes regeneration Cancer therapy, but limited regeneration in
healthy tissues

Low-Dose Radiation < 1 Gy Stimulates mild immune response,
may aid repair

Skin healing, bone regeneration, wound
repair

Focused Radiation (stereotactic
body radiotherapy)

High, targeted Minimal impact on healthy tissue, can
stimulate immune cells

Cancer therapy with reduced damage to
healthy tissue

Flash Radiotherapy Ultra-high, brief Minimizes toxicity, may protect healthy cells Experimental cancer therapy with reduced
fibrosis

Radiation 1 Stem Cell Recruitment Variable Supports stem cell activity, immune
modulation

Muscle and liver repair, combined with stem
cell therapy
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� Stimulate angiogenesis through the activation of endothelial cells, ensuring
adequate blood supply to regenerating tissues.80,81

LDR has shown particular promise in preclinical studies for improving wound heal-
ing, bone regeneration, and vascular repair. These effects highlight its potential as an
adjunctive therapy in managing radiation-induced injuries.

Targeted Pathway Modulation

Regenerative processes following radiation injury are governed by key signaling
pathways, including Wnt, Hedgehog, Notch, and p53. Modulating these pathways of-
fers a targeted approach to enhance regeneration while minimizing unintended side
effects.

� Wnt Pathway: Activation of Wnt signaling supports stem cell proliferation and
angiogenesis, aiding in tissue repair. Therapeutic agents that enhance Wnt activ-
ity have shown efficacy in promoting bone and intestinal regeneration.39,52,58

� Hedgehog Pathway: Hedgehog signaling is critical for the survival and migration
of stem cells. Transient activation of this pathway has demonstrated potential in
mitigating radiation-induced damage in the gastrointestinal tract and salivary
glands.6,54,55

� Combined Modulation: Combining radiation with pathway modulators, such as
Wnt or Hedgehog agonists, can synergize regenerative responses, supporting
faster and more efficient repair.6

These targeted approaches align regenerative signaling with the specific needs of
the damaged tissue, ensuring a focused therapeutic effect.

Emerging Therapies

Beyond traditional radiation strategies, innovative therapies are transforming the man-
agement of radiation-induced injuries. These include advanced wound dressings,
EVs, and cell-based approaches.

� Advanced Wound Dressings: Incorporating radiation and immune-modulating
agents into wound dressings offers localized therapeutic delivery. For example,

� Mast cell stabilizers integrated into dressings reduce chronic inflammation and
support angiogenesis;64,67,71

� Radiation-enhanced dressings create a controlled microenvironment that bal-
ances immune activity and promotes tissue repair.19,36

� Extracellular Vesicles (EVs): EVs derived from MSCs are rich in regenerative fac-
tors, including cytokines, microRNAs, and growth factors. These vesicles offer a
cell-free alternative to traditional stemcell therapy, reducing risks such as immune
rejection.44 EVs have demonstrated efficacy in preclinical models of radiation-
induced injury, promoting angiogenesis, reducing fibrosis, and enhancing stem
cell recruitment.21,44,48

� Cell-Based Therapies: MSC transplantation continues to be a focus in regenera-
tive medicine. MSCs modulate immune responses, suppress inflammation, and
promote the repair of radiation-damaged tissues. Combining MSCs with LDR
has shown additive effects, enhancing their homing capabilities and improving
outcomes.21

Therapeutic interventions are moving toward personalized medicine, tailoring treat-
ments to the patient’s specific tissue damage, immune profile, and regenerative poten-
tial. Combining these therapies with emerging technologies, such as bioengineered
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scaffolds and precision radiotherapy, promises to redefine the standard of care for
radiation-induced injuries.
In summary, therapeutic interventions for radiation-induced tissue damage leverage

advances in dose fractionation, targeted pathway modulation, and innovative thera-
pies. By integrating these approaches, it is possible to enhance tissue regeneration,
reduce long-term complications, and improve patient outcomes.

FUTURE DIRECTIONS AND CHALLENGES

The landscape of radiation therapy and regenerative medicine is evolving rapidly,
driven by technological advancements and a deeper understanding of tissue re-
sponses to radiation. Future directions aim to enhance therapeutic efficacy while mini-
mizing adverse effects, focusing on personalized approaches, novel therapeutic
strategies, and addressing key challenges such as tumorigenesis.

Personalized Radiation Therapy

Advancements in genomics, proteomics, and imaging technologies are enabling the
development of personalized radiation therapy. By integrating patient-specific factors
such as genetic predispositions, immune profiles, and tissue regenerative capacities,
radiation therapy can be tailored to optimize outcomes.

� Immune Profiling: Detailed characterization of a patient’s immune system can
guide the modulation of macrophage polarization, T cell activity, and cytokine
production, creating a proregenerative microenvironment.19,36

� Predictive Biomarkers: Biomarkers such as p53 activation levels, Wnt signaling
activity, and extracellular vesicle profiles can inform treatment plans, allowing cli-
nicians to anticipate and mitigate radiation-induced damage while promoting
regeneration.

Balancing Regeneration and Tumorigenesis

A key challenge in regenerative medicine is the risk of tumorigenesis from overactive
regenerative pathways. Pathways such as Wnt, Hedgehog, and p53, while critical for
tissue repair, are often co-opted by cancer cells to sustain proliferation and evade
apoptosis. Strategies to address this include as follows:

� Temporal Control of PathwayActivation: Transient activation of regenerative path-
waysminimizes the risk of uncontrolled cell proliferation. For instance, short-term
activation of p53 can facilitate repair while avoiding prolonged signaling that may
lead to senescence or tumorigenesis.

� Selective Modulation: Targeted therapies that focus on specific tissue contexts
can limit pathway activation to areas of injury, reducing off-target effects and
the likelihood of oncogenic transformation.

Integrating Emerging Technologies

The future of radiation therapy and tissue regeneration lies in the integration of cutting-
edge technologies.

� Artificial Intelligence (AI) in Treatment Planning: AI-driven models can predict tis-
sue responses to radiation, enabling precise dosing and fractionation schedules
tailored to individual patients.82

� Bioengineered Scaffolds: Advanced scaffolds infused with stem cells, growth
factors, and immune-modulating agents provide structural support and enhance
regeneration in irradiated tissues.83
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� Organoids and Lab-Grown Tissues: Patient-derived organoids offer a platform to
study tissue-specific responses to radiation and test regenerative therapies
before clinical application.84

Expanding the Scope of Regeneration

While much of the focus has been on high-turnover tissues like the intestine and bone
marrow, there is growing interest in regenerating tissues with limited innate capacity,
such as the brain, heart, and spinal cord. Combining radiation therapy with emerging
approaches, such as gene editing and neuroregenerative therapies, could unlock new
possibilities for these challenging areas.85

Challenges in Translational Research

Despite promising advancements, several challenges remain.

� InterPatient Variability: The variability in radiation sensitivity and regenerative ca-
pacity among patients complicates the standardization of therapies. Addressing
these differences requires robust preclinical models and large-scale clinical trials.

� Long-Term Monitoring: The delayed onset of radiation-induced complications,
such as fibrosis and secondary cancers, necessitates prolonged follow-up and
monitoring of regenerative therapies.

� Ethical and Regulatory Hurdles: The use of advanced therapies, such as stem cell
transplantation and genetic modification, requires careful ethical considerations
and adherence to regulatory frameworks.

The Path Forward

Future research must focus on achieving a delicate balance between the therapeutic
benefits of radiation-induced regeneration and the risks associated with excessive
pathway activation. Collaborative efforts between oncologists, regenerative medicine
experts, and bioengineers will be crucial in driving innovation and translating labora-
tory findings into clinical practice.
In summary, personalized radiation therapy, guided by patient-specific insights and

supported by technological advancements, represents the future of regenerative
medicine. Addressing challenges such as tumorigenesis and interpatient variability
will pave the way for safer, more effective therapies that enhance tissue repair and
improve quality of life for radiation-exposed individuals.

SUMMARY

Radiation therapy, while indispensable for treating malignancies, often carries the un-
intended consequence of damaging healthy tissues. The dual challenge of mitigating
radiation-induced injury and fostering tissue repair has propelled advancements in
regenerative medicine and therapeutic strategies. By integrating radiation therapy
with regenerative approaches, it is possible to enhance the body’s intrinsic repair
mechanisms and minimize long-term complications.
This article has explored the intricatemechanisms underlying radiation-induced dam-

age and tissue regeneration, emphasizing the critical roles of signaling pathways, im-
mune modulation, and stem cells. Pathways such as Wnt, Hedgehog, Notch, and p53
have emerged as key regulators of cellular responses, balancing processes like
apoptosis, proliferation, and differentiation. Their interplay with cellular components
like macrophages, mast cells, and revSCs underscores the complexity of the regenera-
tivemicroenvironment. Targeting thesepathwaysoffers promisingopportunities to opti-
mize tissue recovery post radiationwhileminimizing the risk of fibrosis or tumorigenesis.
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The immune system’s dual role in facilitating repair andmediating chronic inflamma-
tion presents both challenges and opportunities. Modulating immune responses, such
as promoting the transition of macrophages to an M2 phenotype and stabilizing mast
cell activity, has demonstrated potential in improving regenerative outcomes.
Emerging therapies, including mesenchymal stem cells (MSCs), EVs, and advanced
wound dressings, have further broadened the therapeutic landscape.
The integration of cutting-edge technologies, such as artificial intelligence for treat-

ment personalization, bioengineered scaffolds, and patient-derived organoids, repre-
sents the future of regenerative medicine in radiation therapy. Personalized radiation
therapy, guided by biomarkers and predictive modeling, ensures that treatments are
tailored to individual patient needs, balancing efficacy with safety.
However, the field must navigate significant challenges, including interpatient vari-

ability, long-term monitoring, and ethical considerations surrounding advanced thera-
pies. Collaborative research efforts, combining expertise in oncology, regenerative
medicine, and bioengineering, will be critical to overcoming these hurdles and trans-
lating laboratory innovations into clinical practice.
In conclusion, the synthesis of radiation therapy with regenerative medicine offers

transformative potential to redefine the treatment of radiation-induced injuries. By
leveraging signaling pathways, immune modulation, and innovative therapies, clini-
cians and researchers can mitigate damage, enhance repair, and pave the way for
safer, more effective cancer treatments. This holistic approach provides a roadmap
for future clinical applications, improving patient outcomes and quality of life.

CLINICS CARE POINTS
Evidence-Based Pearls:
� Low-Dose Radiation as a Therapeutic Tool: LDR can enhance stem cell activity and modulate

immune responses, promoting tissue regeneration while minimizing collateral damage.
Clinicians should consider LDR in scenarios where repair and regeneration are prioritized.

� Timing of Immune Modulation: The transition of macrophages from pro-inflammatory (M1)
to anti-inflammatory (M2) phenotypes is critical for optimal healing. Delayed modulation of
the immune response can impair regeneration and prolong recovery.

� Pathway-Specific Interventions: Targeting specific signaling pathways like Wnt or Hedgehog
during the repair phase can improve outcomes by enhancing stem cell proliferation and
tissue restoration without overstimulating unwanted pathways.

Evidence-Based Pitfalls:
� Overactivation of Regenerative Pathways: Excessive stimulation of pathways such as p53 or

Wnt can lead to unintended consequences, including tumorigenesis or fibrotic
remodeling. Therapeutic interventions must be carefully calibrated to avoid overactivation.

� Underestimation of Immune Dysregulation: Ignoring the immune system’s dual role in repair
and damage can result in suboptimal treatment strategies, potentially exacerbating
radiation-induced injuries or delaying recovery.
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