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Abstract

Radiotherapy (RT) remains one of the most essential and effective modalities in cancer treatment, administered to more than half
of all patients for both curative and palliative purposes. Despite remarkable technological advances in precision targeting and
dose modulation, radiation-induced skin injuries (RISIs) remain among the most common and distressing side effects of RT,
affecting approximately 85-95% of patients. These cutaneous toxicities—ranging from transient erythema and dry desquamation
to severe ulceration, fibrosis, and necrosis—reflect complex cellular and molecular disruptions. The clinical management of
RISIs remains inconsistent, with no universally accepted standard of care. While traditional topical agents and dressings provide
symptomatic relief, their efficacy is limited by poor stability and insufficient antioxidant activity. Recent evidence underscores
the promise of targeted molecular therapies—such as TGF-p/Smad3 and COX-2 inhibition—alongside regenerative approaches
involving mesenchymal stem cells, biomaterials, and nanotechnology-based drug delivery systems. Furthermore, integrating
predictive biomarkers may enable personalized prevention and treatment strategies. This review synthesizes current insights into
the pathophysiological and molecular mechanisms of RISIs, highlighting both established and emerging therapeutic modalities.
By bridging mechanistic understanding with translational innovation, it aims to inform the development of more effective,
biologically guided interventions that mitigate toxicity, enhance tissue repair, and ultimately improve the quality of life and
treatment outcomes for cancer patients.
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1. Introduction

Cancer is rapidly emerging as the defining health crisis of ~ and ongoing research in cancer therapy, radiotherapy (RT)
our time. In 2022 alone, nearly 20 million new cases were  continues to play a pivotal role in the management of nearly
reported, making it one of the leading causes of death and  all cancer types across the disease spectrum [2-4], with over
disability worldwide [1]. Despite significant advancements  half of all cancer patients receiving it during the course of
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their disease. It is extensively utilized for both curative and
palliative purposes, particularly in the treatment of solid
tumors such as those of the breast, head and neck, skin, and
anogenital regions [5, 6].

The primary objective of radiotherapy is to maximize
therapeutic efficacy while minimizing harm to healthy tissues
[2]. While radiotherapy has evolved with advanced technol-
ogies and precision-targeting techniques, skin toxicity re-
mains an almost inevitable side effect. Reports indicate that
up to 95% of patients undergoing radiation therapy develop
some form of skin reaction, often emerging within the first
few weeks of treatment and potentially lingering for weeks
post-therapy [7, 8]. These Radiotherapy-induced skin injuries
(RISIs), ranging from mild erythema and dryness to painful
blistering and tissue breakdown, are commonly assessed
using grading systems such as the Common Terminology
Criteria for Adverse Events (CTCAE) and the Radiation
Therapy Oncology Group (RTOG) scale [7]. The severity of
these reactions tends to escalate in cases involving concurrent
chemotherapy or high-dose protocols, with breast cancer, lung
cancer, sarcoma, head and neck cancer patients particularly at
risk—where severe reactions can affect over a quarter of
individuals [8, 9]. Beyond the physical discomfort—burning,
swelling, scarring, and impaired wound healing—these visi-
ble changes in appearance can trigger emotional distress,
body image concerns, and social withdrawal. More critically,
late-onset skin complications may exert a lasting toll on
quality of life, interfering with recovery, psychosocial
well-being, and even long-term survival [5, 10].

Despite the high prevalence of RISIs, there is currently no
universally accepted standard of care across radiotherapy
centers for their prevention and management [8]. Clinical
practices often rely on individual experience rather than
robust scientific evidence [11]. While numerous topical
agents, dressings, and ointments—targeting free radical
damage—have been introduced, their clinical efficacy re-
mains limited. Challenges such as poor solubility, low
chemical stability, degradation during storage, limited anti-
oxidant capacity, and adverse side effects hinder their effec-
tiveness [12]. These limitations underscore an urgent need for
innovative therapeutic strategies that enhance both radiopro-
tection and the clinical management of RISIs.

This review aims to provide a comprehensive overview of
RISIs by first outlining their cellular and molecular mecha-
nisms, followed by an evaluation of current therapeutic
strategies and emerging pharmaceutical approaches. By
synthesizing existing literature and drawing connections
between fragmented findings, this study seeks not only to
promote a more unified understanding of RISIs but also to
serve as a catalyst for future research. Ultimately, bridging the
current gaps in knowledge may contribute to the development
of more effective treatments and improve the overall quality
of life for this vulnerable patient population.
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2. Radiotherapy-induced Skin Injuries

Despite its therapeutic value, radiotherapy can induce
complex tissue damage, especially when the balance between
tumor control and normal tissue preservation is not adequately
maintained [13]. Radiation-induced injury affects highly
organized tissues, composed of diverse, interdependent cel-
lular lineages and biologically active extracellular matrices.
This complex tissue-level perspective stands in contrast to
traditional reductionist models, which primarily focus on
radiation effects at the single-cell level, often studied in vitro
[14].

Normal tissue responses to radiotherapy are multifaceted
and involve two interconnected components. The first mimics
aspects of wound healing, including inflammation, cell re-
cruitment, and tissue remodeling, but these processes are
often disrupted or prolonged due to continuous radiation
exposure. The second component involves distinct, radia-
tion-specific insults to virtually all cellular and non-cellular
elements within the irradiated field, which may initiate
chronic damage and long-term tissue degeneration [15].

Unlike acute mechanical, thermal, or chemical injuries that
cause immediate structural disruption, radiation injury un-
folds more subtly and progressively. lonizing radiation (IR)
initiates a cascade of events by generating reactive oxygen
species (ROS), which not only induce DNA strand breaks but
also oxidatively modify lipids, proteins, carbohydrates, and
other complex biomolecules. Although the total energy de-
posited is low, the biological impact of each exposure is
significant, setting in motion both immediate and delayed
tissue alterations that may persist for years [15].

Another notable characteristic of radiotherapy is its frac-
tionated nature, wherein multiple small doses are adminis-
tered over time rather than as a single exposure. Each fraction
induces a subtle but cumulative insult to the tissue, contrib-
uting to a progressive cascade of biological disruptions. These
repeated doses not only trigger direct cellular injury but also
promote the recruitment and activation of inflammatory cells,
exacerbating tissue stress and initiating complex pathophysi-
ological processes [15].

As radiation accumulates across treatment sessions, the ir-
radiated tissue is exposed to an evolving microenviron-
ment—one already marked by ongoing repair mechanisms,
active inflammation, oxidative stress (OS), and cellular dys-
function. This chronic exposure significantly amplifies or
alters normal wound-healing responses, distinguishing radia-
tion-induced injuries from those caused by acute trauma,
burns, or chemical insults [15].

Clinically, the severity of radiation-induced skin damage is
highly variable, ranging from mild erythema and dryness to
desquamation, ulceration, and in extreme cases, necrosis.
These effects are most commonly observed at the entry and
exit points of the radiation beam. To facilitate objective clin-
ical assessment, widely accepted classification systems such
as the RTOG criteria and the National Cancer Institute's
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Common Terminology Criteria for Adverse Events (NCI
CTCAE) are employed. The latter categorizes radiation der-
matitis into distinct grades based on the extent and charac-
teristics of skin involvement [16, 17].

2.1. Molecular Mechanisms

The molecular mechanisms underlying RISIs are complex
and multifactorial. A central contributor to RISI pathogenesis
is chronic oxidative stress, which plays a pivotal role in both
the early and late phases of tissue damage. The cellular redox
system, in particular, is instrumental in modulating radia-
tion-induced responses [12, 18].

IR is widely recognized for its capacity to induce both re-
versible and irreversible damage to DNA within biological
tissues. Given that approximately 80% of cellular content is
water, a significant portion of radiation-induced inju-
ry—particularly from low linear energy transfer (LET) radia-
tion—stems from water radiolysis. This process generates
reactive oxygen species (ROS), reactive nitrogen species
(RNS), and highly reactive molecules such as hydroxyl radi-
cals ( OH), which are the principal mediators of normal tissue
toxicity following IR exposure. These reactive species target
and damage critical cellular components, including lipids,
proteins, and DNA [6, 9].

Free radicals produced by IR, in turn, upregulate the activ-
ity of key pro-oxidant enzymes such as cyclooxygenases
(COXs), nitric oxide synthases (NOS), lipoxygenases (LOX),
and nicotinamide adenine dinucleotide phosphate (NADPH)
oxidase. This enzymatic activation contributes to mitochon-
drial dysfunction, marked by impaired electron transport
chain function, ATP depletion, and structural mitochondrial
damage [19]. The resulting accumulation of mitochondrial
reactive oxygen species (mtROS) compromises membrane
integrity and triggers the release of mitochondrial-derived
danger signals, known as damage-associated molecular pat-
terns (DAMPs), thereby amplifying oxidative stress and
cellular injury [12, 20].

Additionally, oxidative stress initiates a cascade of intra-
cellular signaling events, activating transcription factors and
signal transduction pathways. These molecular alterations can
result in DNA strand breaks, point mutations, and chromo-
somal aberrations, ultimately disrupting gene expression and
protein synthesis [6, 9]. Such disruptions may culminate in
cellular dysfunction, apoptosis, or necrosis [18].

Even after the first dose of radiotherapy, localized in-
flammatory responses can be observed immediately. This
radiation-induced inflammation activates various signaling
pathways and promotes the release of pro-inflammatory
cytokines and chemokines, thereby exacerbating tissue injury.

The inflammatory response following IR is further ampli-
fied by the activation and nuclear translocation of nuclear
factor-«B (NF-kB). Radiation-induced intracellular ROS
activates the IxB kinase (IKK) complex, leading to the
phosphorylation and subsequent degradation of the inhibitory
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protein IxB. This process liberates NF-«xB, allowing its mi-
gration into the nucleus, where it binds to promoter regions of
target genes and stimulates the transcription of
pro-inflammatory cytokines such as IL-1p, IL-6, and TNF-o,
along with various chemokines. Concurrently, ROS also
activates the NLRP3 inflammasome, which promotes the
activation of Caspase-1 and facilitates the extracellular release
of additional inflammatory mediators like IL-1B and IL-8.
This signaling cascade collectively enhances inflammation
and contributes to radiation-induced apoptosis [12, 21].

The early inflammatory response triggered by IR is pre-
dominantly mediated through a cascade of pro-inflammatory
cytokines—including interleukins IL-1, IL-3, IL-5, IL-6, and
tumor necrosis factor-alpha (TNF-o)—along with chemo-
kines such as IL-8 and eotaxin, receptor tyrosine kinases, and
adhesion molecules like intercellular adhesion molecule-1
(ICAM-1), vascular cell adhesion molecule-1 (VCAM-1), and
E-selectin [6, 8]. These mediators collectively initiate the
recruitment and activation of immune cells, particularly
eosinophils and neutrophils, to the irradiated site, resulting in
a localized inflammatory response [6, 22].

This infiltration not only contributes to sustained inflam-
mation but also perpetuates tissue injury by compromising the
skin’s structural integrity and disrupting protective barriers.
Furthermore, while cytokines such as TNF-a, IL-6, and 1L-1
primarily orchestrate the inflammatory milieu, growth factors
like transforming growth factor-beta (TGF-B) and plate-
let-derived growth factor (PDGF) play key roles in modulat-
ing fibroblast activity and stimulating the synthesis of extra-
cellular matrix (ECM) components, thereby influencing tissue
remodeling and fibrosis in the later stages of injury [8, 23].

The pathogenesis of chronic radiation dermatitis is closely
linked to the activity of TGF-B, a multifunctional cytokine
that regulates cell proliferation, differentiation, wound heal-
ing, and ECM synthesis during tissue responses to injury [6,
8]. Among its isoforms, TGF-B1 is particularly implicated in
the promotion of radiation-induced fibrosis [9]. IR drives the
initiation and progression of post-radiation fibrosis primarily
through the activation of myofibroblasts, key effector cells in
fibrotic remodeling. This process is mediated by converging
signaling cascades, most notably the TGF-p and
Whnt/B-catenin pathways [9, 24]. TGF-B1 exerts its profibrotic
effects by binding to type | and Il serine/threonine kinase
receptors, triggering downstream signaling through recep-
tor-regulated Smad proteins—particularly Smad3 [8, 9, 25].
Once phosphorylated, Smad3 translocates to the nucleus and
induces the transcription of genes involved in ECM produc-
tion and fibroblast proliferation, a central axis driving
late-stage fibrotic changes after radiation exposure [11, 12].

In RISIs, TGF-B contributes to oxidative imbalance and
vascular damage by modulating the expression of miR-21.
Upon ligand-receptor interaction, TGF-p upregulates miR-21,
which subsequently inhibits the expression of superoxide
dismutase 2 (SOD2)—a critical mitochondrial antioxidant
enzyme involved in scavenging ROS. The suppression of
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SOD?2 leads to excessive ROS accumulation, exacerbating
oxidative stress within irradiated skin tissues. Simultaneously,
miR-21 interferes with the apoptotic regulation of vascular
endothelial cells by targeting the tumor suppressor gene
PTEN, a key inhibitor of the PI3K/AKT signaling pathway.
Through PTEN suppression, miR-21 disrupts the balance of
this signaling cascade, impairing endothelial function and
contributing to radiation-induced vascular injury [12, 26-28].
These interrelated pathways highlight the dual role of miR-21
in promoting oxidative stress while impairing vascular integ-
rity, both of which are fundamental features in the molecular
pathology of RISlIs.

Moreover, IR can stimulate various cell types—including
fibroblasts, endothelial cells, and vascular smooth muscle
cells—to undergo phenotypic transition into myofibroblasts.
One contributing mechanism involves the interaction between
stromal cell-derived factor-lo. (SDF-1a) and its receptor
CXCR4, which activates TGF-p/Smad signaling via down-
stream mitogen-activated protein kinase (MAPK) pathways.
These molecular events synergistically enhance fibrotic re-
sponses by promoting sustained fibroblast activation and
excessive ECM deposition [9, 12, 29].

Experimental evidence further supports the essential role of
TGF-B1/Smad3 signaling in radiation-induced fibrosis [25]:
Smad3-deficient mice exhibit significantly reduced cutaneous
damage, diminished leukocyte infiltration, and improved
epithelial regeneration following irradiation, underscoring the
importance of this pathway in mediating chronic fibrotic
remodeling in irradiated tissues.

2.2. Cellular Senescence and Bystander Effect

IR triggers profound cellular damage through both direct
interaction with DNA molecules and indirect pathways in-
volving ROS generation. These effects disrupt the structural
integrity and chemical composition of DNA strands, leading
to double-strand breaks, base modifications, and crosslinking.
When cellular repair mechanisms fail to efficiently resolve
this damage, it accumulates and contributes to critical cellular
outcomes such as apoptosis, mutagenesis, and senes-
cence—all of which compromise skin homeostasis and impair
tissue regeneration [5, 12].

Radiation-induced senescence is characterized by perma-
nent growth arrest, metabolic activity, and resistance to
apoptosis. Senescent cells, though non-proliferative, remain
highly active in secreting a wide array of pro-inflammatory
and pro-fibrotic factors, collectively termed the senes-
cence-associated secretory phenotype (SASP). These factors
alter the surrounding microenvironment, promoting chronic
inflammation and fibrotic remodeling, both hallmarks of
late-stage radiation-induced skin injury [13, 30].

A notable mechanism of IR-induced senescence propaga-
tion is the bystander effect, wherein neighboring,
non-irradiated cells adopt senescence-like phenotypes due to
signals—especially exosomes and microRNAs (miR-

160

NAs)—emitted by damaged cells. These exosomes are en-
riched with inflammatory cytokines such as IL-6, IL-8, and
TNF-a, which activate inflammatory pathways in adjacent
healthy cells, fostering a sustained pro-aging and
pro-inflammatory milieu [12, 31].

MicroRNAs play pivotal roles in mediating DNA damage
responses and promoting senescence in irradiated tissues. For
instance, miR-34a enhances senescence by suppressing
SIRT1 expression, leading to p53 activation and the accu-
mulation of DNA damage markers such as yH2AX. Similarly,
miR-21 reduces the replicative capacity of human umbilical
vein endothelial cells (HUVECS), while miR-22 facilitates
senescence in fibroblasts and epithelial cells through the
downregulation of CDK®6, Spl, and SIRT1 [32-34]. These
molecular changes collectively increase oxidative stress,
exacerbate mitochondrial dysfunction, and ultimately accel-
erate skin aging.

Key signaling axes, including p53-p21 and p16-pRB, are
central to the enforcement of radiation-induced growth arrest
and senescence. Moreover, mitochondrial abnormalities,
ferritin autophagy failure, and activation of the cyclic
GMP-AMP synthase (CGAS)-STING inflammatory pathway
further amplify the senescence response [12, 33]. Notably,
Chen et al. [35] has identified the accumulation of human
positive cofactor 4 (PC4) as a novel contributor to radia-
tion-induced aging, wherein PC4 accelerates senescence by
disrupting mTOR-regulated proteostasis.

Although these findings offer important insights, the intri-
cate network of molecular events underpinning IR-induced
cellular senescence and its role in RISIs remains incompletely
understood and requires further exploration.

2.3. Pathophysiology

RISIs result from a complex interplay of cellular, molecular,
and tissue-level alterations triggered by IR. These changes
occur in both acute and chronic phases, leading to significant
disruption of skin structure and function.

The epidermis, particularly its basal layer, is highly sus-
ceptible to radiation due to its high cellular turnover. Basal
keratinocytes, melanocytes, and hair follicle stem cells are
primary targets, and radiation exposure impairs their prolif-
eration and differentiation [36, 37]. This interference com-
promises the skin’s regenerative capacity and disrupts the
integrity of the epidermal barrier. Repeated exposures, espe-
cially in fractionated radiotherapy, prevent complete cellular
repair, leading to cumulative injury and persistent epithelial
dysfunction [13, 38].

At the tissue level, radiation-induced oxidative stress and
inflammation, as detailed in the molecular mechanisms sec-
tion, compromise vascular integrity by disrupting endothelial
junctions. This vascular injury increases permeability, impairs
barrier function, and promotes hypoxia and necrosis [28].
During the chronic phase of radiation injury, fibroblasts and
endothelial cells in the dermis become highly vulnerable.
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Persistent damage and pro-fibrotic signals drive fibroblasts to
transdifferentiate into myofibroblast-like cells, which secrete
abundant ECM proteins (collagen I, I1I, 1V) and express
a-SMA. The a-SMA fibers form contractile stress structures
that, through integrin-collagen interactions, generate me-
chanical tension within the dermis. This tension promotes
matrix stiffening, structural disorganization, and progressive
fibrosis, ultimately resulting in dermal sclerosis and impaired
skin function—key features of late radiation injury [12, 39,
40].

Radiation-induced endothelial injury leads to vascular rar-
efaction and impaired angiogenesis, which exacerbate tissue
hypoxia and hinder reparative processes [8, 9, 25, 41]. This
vascular dysfunction is compounded by the exposure of
subendothelial ECM, triggering platelet activation and the
release of pro-thrombotic mediators such as von Willebrand
factor (VWF) and platelet-activating factor (PAF). Concur-
rently, diminished levels of nitric oxide (NO), prostacyclin,
thrombomodulin (TM), and reduced fibrinolytic activity drive
a pro-coagulant and anti-fibrinolytic state, culminating in
microvascular thrombosis and occlusion [42]. These changes
accelerate tissue ischemia and fibrosis, thereby amplifying the
severity of radiotherapy-induced skin injury [43].

Clinically, this chronic vascular and fibro-inflammatory
imbalance manifests as skin atrophy, telangiectasia, indura-
tion, and, in severe cases, non-healing ulcers [8, 12]. The
compromised vasculature also impairs immune surveillance,
increasing susceptibility to infections. Moreover, radiation
disrupts Langerhans cell function and antigen presentation,
further compromising local immune regulation and perpetu-
ating chronic inflammation.

2.4. Therapeutic Strategies

2.4.1. Mechanism-Based Therapeutic Strategies for
RISRs

The development of therapeutic interventions for RISRs
has been largely guided by elucidating the underlying mo-
lecular and cellular mechanisms of injury. The following
strategies highlight how mechanistic insights have been
translated into clinical and experimental treatments:

1) Targeting Inflammation via Corticosteroids

Corticosteroids exert anti-inflammatory, immunosuppres-
sive, vasoconstrictive, and anti-proliferative effects by inhib-
iting cytokines such as IL-1, IL-6, IFN-y, and TNF-a. They
also reduce histamine release, thereby attenuating erythema
and edema. These mechanisms make corticosteroids (e.g.,
mometasone furoate, methylprednisolone, betamethasone)
superior to moisturizers in reducing acute radiation-induced
toxicity, positioning them as strong candidates for preventive
therapy [6, 44, 45].

2) Modulating Immune Response and ECM Remodeling

via Trolamine-Based Creams

Trolamine-containing emulsions (e.g., biafine) promote
macrophage recruitment, fibroblast proliferation, collagen
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synthesis, and vascular protection. By regulating IL-1 and
IL-6 signaling, they accelerate re-epithelialization and gran-
ulation tissue formation. Their wound-healing properties
provide both protective and reparative benefits during acute
RISRs [11, 46].
3) Restoring Skin Microenvironment with Hydrogel and
Hydrocolloid Dressings

These dressings establish a moist wound environment,
which stimulates keratinocyte migration, angiogenesis, and
granulation tissue formation. Hydrocolloids additionally
promote autolytic debridement, while hydrogels reduce in-
fection risk and pain. Clinically, they significantly shorten
wound healing time in moist desquamation and necrotic
ulcers [47, 48].

4) Harnessing Mesenchymal Stem Cells (MSCs) for Re-

generation

MSCs mediate therapeutic effects via paracrine signaling,
immunomodulation, and multilineage differentiation. They
downregulate pro-inflammatory (TNF-a, ICAM-1) and
pro-fibrotic mediators (TGF-B, CTGF), while upregulating
antioxidant enzymes. MSCs also enhance angiogenesis and
oxygen delivery, reducing oxidative stress and chronic fibro-
sis. Importantly, MSCs modulate macrophage polarization
({IL-1B, 1IL-10), thereby controlling inflammation and
promoting tissue regeneration [49, 50].

5) Reversing Hypoxia with Hyperbaric Oxygen Therapy

(HBOT)

HBOT enhances tissue oxygenation, angiogenesis, and
vascular density in irradiated skin. By reducing hypoxia and
edema, it supports reparative processes in chronic radiation
ulcers. Its efficacy in necrotic tissue healing and delayed
radiation injury highlights oxygen signaling as a critical
therapeutic axis [51, 52].

6) Counteracting Oxidative Stress with Superoxide Dis-

mutase (SOD)

As a key antioxidant enzyme, SOD neutralizes ROS and
prevents oxidative-stress-driven fibrosis. Liposomal and
synthetic SOD analogs (e.g.,, EUK-207) inhibit
TGF-B-mediated myofibroblast activation, accelerating
wound healing and reducing desquamation. Clinical studies
further confirm fibrosis regression after SOD administration,
underlining its promise as a redox-modulating therapy
[53-55].

7) Enhancing  Mitochondrial ~ Bioenergetics

Low-Intensity Laser Therapy (LILT)

LILT activates mitochondrial cytochromes, increasing
ATP production, protein synthesis, and cell proliferation. By
stimulating tissue repair, reducing edema, and relieving pain,
LILT shows potential in mitigating chronic RISRs through
cellular bioenergetic restoration [56-58].

with

2.4.2. Innovative Drug Development Strategies

Understanding the mechanisms of chronic oxidative dam-
age and injury of affected cells, tissues, and organs after
exposure to IR may contribute to the development of treat-
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ment and management strategies of the complications asso-
ciated with RT [6].

Janko et al ascertained that IL-1 had an important role in the
development of RISRs. They found that mice that lack either
IL-1 or the IL-1 receptor developed less inflammation and
less severe pathological changes in their skin, especially at
later time points. This study provided a potential therapeutic
targeting of IL-1 for the remission of RISRs. The production
of IL-1 in skin is mainly regulated by monocytes, macro-
phages, fibroblasts, keratinocytes, and many other immune
mediators. In the acute phase, all resident cells, including
keratinocytes, fibroblasts, and endothelial cells, respond to IR
by the activation of the early response genes and proteins,
which include a lot of growth factors, chemokines, and cyto-
kines. These various growth factors then attract inflammatory
cells that participate in the second phase of RISRs [6].

The TGF-B is a regulatory protein that controls wound
healing, proliferation, and differentiation of multiple cell
types and synthesis of ECM proteins in the normal tissue
inflammatory response, and is known as a central player in the
fibrotic process. Its main function on connective tissues in
vivo is to promote growth. The proliferation of endothelial
cell is also stimulated, but the growth of epithelial cell is
inhibited. Mice lacking a downstream mediator of TGF-B,
Smad3, demonstrated reduced tissue damage and fibrosis
after irradiation and accelerated healing [6].

Inhibition of pro-inflammatory cytokines such as MCP-1
and COX-2 can improve skin tolerance to RT. Some studies
have also reported COX-2 to be an important gene mediating
the subsequent inflammation. The study by Cheki et al
showed that inhibition of COX-2 by celecoxib can reduce
inflammation of the dermis, MCP-1 mRNA expression, and
RISRs [6].

Given the significant role of oxidative stress and ROS/RNS
in radiation-induced tissue damage, targeting these pathways
could provide a therapeutic approach to mitigate the side
effects of radiotherapy. Developing inhibitors or scavengers
of ROS and RNS, as well as redox system modulators, could
help protect normal tissues, reduce inflammation, and en-
hance skin recovery in cancer patients undergoing radiation
treatment [6, 9].

DNA repair system plays a key role in normal tissue tol-
erance to RT. There is a predictable increase in regulation of
DNA repair genes after radiation exposure. Inflammation and
Oxidative stress may inhibit DNA damage repair. There is
evidence that chronic inflammation lead to suppression of
DNA repair response and mutations in tumor suppressor
genes and oncogenes. NO produced by immune cells includ-
ing macrophages and neutrophils can inhibit DNA repair and
alter the expression of certain genes. Understanding radia-
tion-induced DNA damage and DNA repair system may
contribute to the development of adjuncts to RT [6].

Targeting the TGF-B/Smad3 signaling pathway offers a
promising strategy for treating RISRs. TGF-B1 plays a central
role in fibrosis by promoting ECM production. Its activation,
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especially through Smad3, leads to chronic tissue damage.
Studies show that inhibiting Smad3 reduces inflammation,
fibrosis, and skin injury. Smad3 knockout models demon-
strate faster healing and less damage. Thus, blocking this
pathway can effectively limit radiation-induced skin toxicity
[9].

Notably, the AIM2 inflammasome has been identified as a
key mediator of caspase-1-driven cell death in epithelial and
bone marrow cells following exposure to IR. Inhibiting the
AIM2 pathway could therefore offer a protective strategy
against gastrointestinal and hematopoietic toxicity. Addi-
tionally, the cGAS-STING signaling axis plays a critical role
in radiation-induced cellular senescence and inflammation,
particularly in hepatocytes. Cytosolic chromatin fragments
derived from irradiated nuclei activate cGAS, which subse-
quently stimulates STING and promotes the expression of
pro-inflammatory cytokines via NF-xB signaling. These
findings suggest that selective inhibition of the AIM2 and
CGAS-STING pathways may reduce inflammatory damage in
normal tissues post-radiotherapy, offering a promising ther-
apeutic avenue for conditions such as RISRs [5].

3. Discussion and Conclusion

The evidence synthesized in this review highlights that
RISIs result from a complex interplay of oxidative stress,
inflammatory signaling, fibroblast activation, and aberrant
tissue remodeling. Acute manifestations such as erythema,
desquamation, and ulceration are largely driven by reactive
oxygen and nitrogen species (ROS/RNS) and subsequent
inflammatory  cascades [11], while chronic inju-
ries—including fibrosis, atrophy, and necrosis—are perpetu-
ated by dysregulated TGF-B/Smad signaling, cellular senes-
cence, and vascular dysfunction. These insights emphasize
that RISIs are not simply localized toxicities but represent
systemic biological disruptions with long-term implications
for patient quality of life and treatment adherence [39].

Emerging  therapies  targeting  molecular  path-
ways—yparticularly TGF-B/Smad3 inhibition, 1L-1 blockade,
and COX-2 inhibition—represent promising avenues for
reducing fibrosis and chronic inflammation [20]. Preclinical
evidence also highlights the therapeutic potential of MSCs,
which exert reparative effects through paracrine signaling,
immune modulation, and angiogenic stimulation [11, 59]. In
parallel, novel strategies targeting innate immune sensors
such as the AIM2 inflammasome and the cGAS-STING
pathway may offer opportunities to curb radiation-induced
senescence and bystander effects [60-62]. These approaches
align with a broader shift in oncology toward mecha-
nism-based interventions that not only address acute toxicity
but also prevent late-stage sequelae.

The integration of advanced biomaterials and nanotech-
nology may further revolutionize RISI management. Smart
dressings capable of controlled drug release, nanocarriers
enhancing antioxidant and anti-inflammatory delivery, and
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bioengineered scaffolds promoting angiogenesis represent
exciting translational opportunities. Furthermore, advances in
radiotherapy itself—such as intensity-modulated radiotherapy
(IMRT), proton therapy, and FLASH radiotherapy—hold
promise in reducing normal tissue toxicity by minimizing
collateral exposure. However, these technological advance-
ments must be complemented by biologically informed
therapeutic strategies to achieve meaningful reductions in
RISIs.

Another key consideration is the role of predictive bi-
omarkers in identifying patients at high risk for severe RISIs.
Genetic variants in DNA repair pathways, redox regulators,
and inflammatory cytokines, as well as circulating markers of
oxidative stress and senescence, could provide valuable tools
for stratifying patients and guiding personalized prevention
strategies. Incorporating biomarker-driven approaches may
help bridge the variability observed in current clinical man-
agement and pave the way toward precision supportive care in
radiation oncology.

In conclusion, RISIs remain a critical challenge in cancer
therapy, reflecting the dual-edged nature of radiotherapy as
both a life-saving and tissue-damaging intervention. While
conventional wound care and symptomatic management
continue to dominate clinical practice, advances in molecular
oncology, regenerative medicine, and nanotechnology are
reshaping the therapeutic landscape. Future progress will
depend on integrating mechanistic insights with translational
research, developing standardized protocols, and validating
innovative therapies through robust clinical trials. Ultimately,
reducing the burden of RISIs is essential not only for im-
proving patient comfort and quality of life but also for en-
suring optimal adherence and outcomes in cancer treatment.
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