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Radiation therapy has been increasingly employed as a tool to cure and palliate majority of solid tumors.
Although radiotherapy has shown promising results in preserving structure and function of organs, it is associ-
ated with late side effects mainly manifested in the form of tissue fibrosis. Recent advances in molecular biology
techniques has helped better understand the molecular mechanisms involved in radiation induced fibrosis. Cur-
rently, very few treatment modalities are available to treat the condition with moderate success rate. Stem cell
therapies and particularly adipose tissue and adipose derived stem cells therapies have shown promising results
in clinical applications. Identification of the key factors involved in the mitigation process will help to enhance the
beneficial effects and develop new therapy approaches.
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1. Introduction

Radiotherapy is a fundamental component of modern cancer man-
agement regime, and > 50% of the newly diagnosed cancer patients un-
dergo radiation therapy either alone or as an adjuvant to chemotherapy,
surgery, or both (Govindan & DeVita, 2009). An estimated half million
cancer patients undergo radiotherapy in the United States alone each
year (Citrin, 2017; Panel, 2016). Radiotherapy, when compared to

Abbreviations: RIF, Radiation Induced Fibrosis; HGF, Hepatocyte Growth Factor; TGF,
Transforming Growth Factor; ECM, Extracellular Matrix; ROS, Reactive Oxygen Species;
CTGF, Connecting Tissue Growth Factor; IL, Interleukins; miRNA, Micro RNA; ASCs,
Adipose Derived Stem Cells.
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both chemotherapy and surgery, carries benefit of being cost effective,
targeted, non-invasive, and preserve the organ loss (Bentzen, 2006).
Use of high energy packets consisting of photons beams and particles
of electrons, protons, and neutrons having sub-millimeter precision
and better penetration capacity is the method of choice in conducting
modern external beam radiotherapy (De Ruysscher et al., 2019).
lonizing radiation induced skin changes have been known since 1902
and, despite the advancement in the field of radiotherapy, its applica-
tion is associated with acute (occurring during or within weeks) and
chronic side effects (occurrence range from 6 months to years) post
therapy (Barnett et al., 2009; Ryan, 2012). Acute effects include skin
rashes, erythema, mucositis, nausea, diarrhea, and alopecia, while
chronic effects range from radiation induced fibrosis, atrophy, neural
damage, vascular damage, endocrine defects, and cardiac toxicity to in-
fertility depending on the anatomical region exposed to radiations
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Fig. 1. Acute and chronic toxic effects of radiation. Acute or short-term side effects of
radiation exposure occur in skin shortly after the radiations and resolve in a relatively
short duration. Late or chronic side effects appear relatively slowly, ranging from
months to years post radiation exposure, and are long lasting and difficult to treat, thus
exerting a treatment dose limitation effect.

(Fig. 1) (Brush et al., 2007; Ryan, 2012). Late side effects can result in de-
creased quality of life, with the severity of the side effects corresponding
to the radiation dose and manifesting in organs exposed to the radiation
field. Side effects from radiation injuries also exert a dose limiting effect
which influence the efficiency of the treatment.

Injuries from radiations have gained attention and international ef-
forts have been boosted to develop medical countermeasures during
the last decades due to an increasing risk of nuclear attacks. Likelihood
of radiation toxicities are directly related to the dose, irradiated body
proportion, tissue volume, and time of exposure (Table 1) (Barnett
et al,, 2009; Ryan, 2012). By virtue of improvement in therapeutic and
surgical techniques used for cancer management, the survival rate has
significantly increased, meaning that many of these survivors will be liv-
ing with the late side effects having a notable impact on the social and
economic system (Bryant, Banegas, Martinez, Mell, & Murphy, 2017;
DeSantis et al.,, 2014; Hawkins, 2004). Radiation induced skin/muscle fi-
brosis is among the most prominent late side effects of radiation expo-
sure, characterized as an uncontrolled wound healing response
resulting in excessive extracellular matrix deposition at the radiation in-
jury site (J. H. Kim, Kolozsvary, Jenrow, & Brown, 2013; Yarnold &
Brotons, 2010). Recent advances in molecular radiobiology has im-
proved our understanding of the complex and persistent mechanisms
involved in radiation induced skin injuries and has open new directions
for the development of therapeutic strategies to mitigate tissue damage.

2. Clinical manifestations

Radiation exposure can cause fibrosis in almost any organ involved,
but skin is the most prevalent site affected by radiation therapy. Almost
95% of the patients receiving radiation therapy develop acute or late
skin reactions (Bray, Simmons, Wolfson, & Nouri, 2016; Salvo et al.,

Table 1
Effect of radiation dose on skin reaction.

Radiation dose (Gy) Skin Reaction Time onset post radiation

Acute effect

2 Erythema Within hours

6-10 Epilation 7-10 days

12-20 Hyperpigmentation 2-3 weeks

20-25 Dry desquamation 3-4 weeks

30-40 Moist desquamation > 4 weeks

>40 Ulceration > 6 weeks

Late effect

>45 Fibrosis 6 Month to >1 year
245 Telangiectasia 6 Month to >1 year

2010). Skin of the head, neck, and trunk is more prone to fibrosis, and
patients having breast, head and neck, or lung cancer mostly develop
skin fibrosis attributed to heavy dose radiation treatment
(Archambeau, Pezner, & Wasserman, 1995; McQuestion, 2011;
O'Donovan, Coleman, Harris, & Herst, 2015; Rigotti et al., 2007; Salvo
et al., 2010). Survivors of accidental exposure and patients previously
treated with radiation for skin conditions are also at risk for developing
skin fibrosis (Gottlober et al., 2001; Hymes, Strom, & Fife, 2006).

Radiation induced fibrosis (RIF) develops late after the therapy and
can take from 6 months to several years to develop, reflected by signs
and symptoms like pain, induration, ulceration, alopecia, and ulceration
(Sylvie Delanian, Balla-Mekias, & Lefaix, 1999). Late fibrosis is a persis-
tent condition characterized by atrophy, hypo- or hyper pigmentation,
and cutaneous malignancies which normally do not resolve on its
own. Development of late fibrosis after radiation therapy of head and
neck region can result in trismus, a condition which affects the mastica-
tion muscle, resulting in loss of ability to open the mouth (Sciubba &
Goldenberg, 2006). Severe late cutaneous injuries may reflect as xerotic,
scaly and dyspigmented skin and can result in loss of hair follicles, nails,
skin appendages, and sebaceous glands (Bray et al., 2016; Hymes et al.,
2006). As the fibrosis of skin and subcutaneous tissue develop, the range
of motion decreases with contractures, pain, skin necrosis, ulceration
and lymphedema (Harper, Franklin, Jenrette, & Aguero, 2004;
Mendelsohn, Divino, Reis, & Kerstein, 2002).

Although the clinical presentation of acute and late response to radi-
ation injury is well documented, the investigation of normal tissue re-
sponse is complicated and depends on the anatomical site exposed to
radiations, requiring a well-defined tissue specific end point and sever-
ity of the effect (Barnett et al., 2009). Use of National Cancer Institute
(NCI) Common Terminology Criteria for Adverse Effects version 3.0
(CTCAEv3.0) has become the first multimodality grading system for re-
cording acute and late effects, replacing the previously used guidelines:
the LENT-SOMA (Late Effects Normal Tissues: Subjective, Objective,
Management and Analytic) system and RTOG (Radiation Therapy
Oncology Group)- EORTC late effect scale (Denis et al., 2003; Hoeller
et al., 2003). Radiation therapy effects are graded based on severity,
but timescale is an important factor to be considered as the late effects
can manifest years after the therapy; however, confirmation of the fi-
brosis should be made based on the tissue biopsy analyses (Bray et al.,
2016; Johansson, Svensson, & Denekamp, 2000). In general, grade O re-
flects no symptoms, grade 1 for mild symptoms, grade 3 reflects
medically significant but not life threatening, grade 4 refers to life-
threatening, and grade 5 is death due to radiotherapy toxicity (De
Ruysscher et al., 2019).

3. Risk factors for developing radiation fibrosis

Several extrinsic and intrinsic factors have been identified which
contribute to the development and severity of RIF. The dose of applied
radiations is the most crucial extrinsic factor which contributes in fibro-
sis development. The other influential extrinsic factors include tissue
volume, radio-sensitivity of exposed tissue, and time gap between
fractioned delivery of radiations (Stubblefield, 2011; Zackrisson,
Mercke, Strander, Wennerberg, & Cavallin-Staahl, 2003 ). Fractionation
of total dose into smaller units exert fewer toxic side effects and enables
application of higher total dose; thus, hyper fractionated treatment de-
sign increase the radiation tolerance of skin (Olschewski, Bajor, Lang,
Lang, & Seegenschmiedt, 2006). Excellent cosmesis was achieved by
fractionating a dose of 57 Gy into 5 x 3 Gy/week dose with no tumor re-
currence in basal cell carcinoma patients (Olschewski, et al., 2006).
Furthermore, the quality of the radiation beam, the particle type, and
the chemotherapy drug combination also influence the outcomes of
treatment.

In addition to extrinsic factors, there are several intrinsic factors that
determine the risk of developing late side effects of radiotherapy. These
intrinsic factors may include patient age, health condition, skin
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condition, nutritional status, comorbid diseases, ethnicity, living habits,
and genetic disposition (Morgan, 2014; Zackrisson, et al., 2003).
Patients with smoking habits, implants in case of breast tissue, obesity,
or HIV infection have a greater predisposing to develop skin fibrosis re-
actions (Housri, Yarchoan, & Kaushal, 2010; Vandeweyer &
Deraemaecker, 2000). Genetics conditions such as a mutational defect
in DNA repair gene ATM, Nijmegen breaking syndrome, Fanconi's ane-
mia, Bloom syndrome and xeroderma pigmentosum predispose pa-
tients to developing skin reactions (Bray et al., 2016; lannuzzi,
Atencio, Green, Stock, & Rosenstein, 2002).

4. Mechanisms of radiation induced fibrosis

Radiation induced fibrosis is a complex process which involves sev-
eral cellular and non-cellular factors which mediate a healing process
after radiation injury. A normal wound healing process can be sub-
divided into three phases: an immediate phase of inflammation in
which epithelial and endothelial cells play major role, a phase of cell
proliferation and differentiation characterized by high density of
myofibroblasts in an unorganized matrix and poorly cellularized fibrotic
areas of senescent fibrocytes, and the remodeling phase named late
fibro atrophic phase (Sylvie Delanian & Lefaix, 2007; Gurtner, Werner,
Barrandon, & Longaker, 2008; Vallée, Lecarpentier, Guillevin, & Vallée,
2017). Fine tuning of the cellular and molecular activities during these
three phases result in a normal healed wound, but during the RIF devel-
opment this healing process is dysregulated which results in an exces-
sive production and deposition of extracellular matrix at the radiation
injury site (Jones, Foster, Hu, & Longaker, 2019). Regulation of different
phases during normal wound healing and RIF are illustrated in (Fig. 2).
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Development of radiation induced fibrosis involves cellular and molec-
ular mechanisms that are common to other fibrotic diseases.

4.1. Cellular mechanisms involved in RIF

The pathological mechanism of RIF is complex and involves many
cell types. The development of fibrosis in irradiated tissue challenged
the target-cell hypothesis, the idea that the main effects of radiation
are due to loss of the target cells population (Rodemann & Bamberg,
1995). Mechanistic studies conducted to understand the process of RIF
showed the importance of cell-cell communication and bystander cellu-
lar toxicity. Radiation exposure results in an initial damage to epithelial
and endothelial cells lining the vasculature, with the predominantly af-
fected cell type depending upon the tissue type (Toshkov et al., 2017;
Venkatesulu et al., 2018). Injury to epithelial lining can cause skin dam-
age and breakdown of mucosal membranes. Radiation damage disrupts
the self-renewal capability of the epidermis due to loss of stem cells,
resulting in dermatitis. In addition, radiations also damage
keratinocytes and melanocytes in the skin (Hymes et al., 2006). The re-
lease of inflammatory mediators from these damaged cells activate
platelets which in turns activate blood-clot formation and a provisional
ECM deposition (Ahamed & Laurence, 2017). In addition, activated
platelets degranulate and promote vasodilation to facilitate the influx
of inflammatory cells to the site of injury (Ahamed & Laurence, 2017;
Wynn, 2008). Cytokines, chemokines, and damage-associated molecu-
lar patterns (DAMPs) produced by damaged cells further promote the
infiltration of leukocytes, predominately macrophages and neutrophils,
which eliminate dead cells, debris, and invading pathogens (Denham &
Hauer-Jensen, 2002; Meziani, Deutsch, & Mondini, 2018; Travis, 2001).
Radiation-induced cell death and DAMPs are mainly responsible for a
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Fig. 2. Normal wound healing vs radiation delayed wound healing. Normal wound healing is characterized by three distinct phases: inflammatory phase, proliferative phase, and
remodeling phase resulting in restoration of normal skin structure. Inflammatory phase is characterized by an immediate platelet response, release of chemokines, cytokines, and
influx of inflammatory immune cells, while the proliferative phase comprises of angiogenesis and transformation of fibroblasts to myofibroblasts, leading to scar formation by
extracellular matrix and collagen deposition. The remodeling phase comprises of degradation of extra collagen and extracellular matrix, resulting in restoration of normal skin
architecture. In the case of radiation injury induced fibrosis development, there is a prolonged phase of proliferation and a defective phase of remodeling, resulting in extensive
deposition of extracellular matrix and collagen.
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dose dependent activation of the inflammasome pathway in macro-
phages, NK cells, dendritic cells, B cells and T cells which produce
acute inflammation response (Stoecklein et al., 2015). Moreover, the in-
flammatory signals produced by damaged cells and macrophages after
irradiation result in generation of an abscopal inflammatory response
leading to a perpetual cycle of inflammatory cytokines release
(Mukherjee, Coates, Lorimore, & Wright, 2014). IL17 & T cells plays
an important role in development of radiation skin fibrosis (Liao, Hei,
& Cheng, 2017).

4.1.1. Role of Myofibroblasts in RIF

Myofibroblasts are the major player in the process of fibrogenesis.
Myofibroblasts are derived from tissue resident or migratory fibroblasts
and are associated with tissue repair and fibrosis (Abraham, Eckes,
Rajkumar, & Krieg, 2007; V. Kumar, 2005; Quan, Cowper, & Bucala,
2006). In addition, myofibroblasts are derived from epithelial or endo-
thelial cells through a process called epithelial or endothelial to
mesenchymal transition (Jung et al., 2007; Pardali, Sanchez-Duffhues,
Gomez-Puerto, & ten Dijke, 2017; Yi et al., 2018). Chemokine signaling
via CCL2-CCL5 ligand /CCR4 receptor contributes in epithelial to mesen-
chymal transition (Zhong et al., 2019). Myofibroblast differentiation is
associated with upregulation of oo smooth muscle actin (a«SMA) fibers
which are responsible for retractile role of myofibroblasts and these dif-
ferentiated myofibroblast produce collagens, fibronectins and other ma-
trix molecules (Jun Wei, Bhattacharyya, Jain, & Varga, 2012; Yarnold &
Brotons, 2010). Association of transforming growth factor-p1 (TGF-
1) with extra domain A (EDA) along with tissue stiffness and other
chemical factors is required for differentiation of fibroblasts into
myofibroblasts (Goffin et al., 2006; Serini et al., 1998; Tomasek,
Gabbiani, Hinz, Chaponnier, & Brown, 2002). In addition, «SMA synthe-
sis is also regulated by TGF- p1(Hinz, Celetta, Tomasek, Gabbiani, &
Chaponnier, 2001). Under normal homeostatic conditions, fibroblasts
are responsible for maintaining a fine network of 3-actin fibers and con-
tact with extracellular matrix (ECM). After normal wound healing,
myofibroblasts undergo apoptosis, but upon radiation injury, perpetual
cycle of inflammatory signals drives the differentiation of fibroblast to
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myofibroblasts which are then responsible for excessive deposition of
the ECM (Bentzen, 2006; Hinz, 2010; Hinz et al., 2007). Other sources
of myofibroblast origin include vascular smooth muscle cells and bone
marrow origin fibrocytes that express CD34, CD45, and type I collagen
(Fig. 3) (Brittan et al., 2002; Forbes et al., 2004; Willis, dubois, &
Borok, 2006). A recent study using genetic lineage tracing and trans-
plantation assays has identified single somatic-derived fibroblast line-
age dermal cells expressing CD26/dipeptidyl peptidase-4 (DPP4)
which are responsible for the bulk of connective tissue deposition
upon RIF (Rinkevich et al., 2015).

4.1.2. Role of immune cells in RIF

Skin provides both a physical and immunological barrier to environ-
mental insults (Gerber et al., 2015). Langerhans cells are the key immu-
nological cells surveilling the skin and, along with the dermal dendritic
cells, perform the essential antigen presentation role (Otsuka, Egawa, &
Kabashima, 2018). In addition, dermis harbor mast cells and T cells play
an important role in radiation-induced immune responses (Komi,
Khomtchouk, & Santa Maria, 2019; MacLeod et al., 2014; Miiller &
Meineke, 2011; Nguyen & Soulika, 2019). Radiation-induced damage
to keratinocytes, fibroblasts, and endothelial cells leads to cell damage
and apoptosis, which results in a breach of the skin barrier. Skin resident
Langerhans and dendritic cells are responsible for the uptake of invad-
ing antigens and presentation of antigens to T cells (Carvalho & Villar,
2018; Deckers, Hammad, & Hoste, 2018; Miiller & Meineke, 2007).
These interactions result in influx of more immune cells at the irradiated
site and the subsequent release of cytokines and chemokines. Acute ra-
diation damage to keratinocytes and ROS results in the release of vari-
ous cytokines and chemokine including IL-1a, IL-13, IL-6, IL-8, CCLA4,
CXCL10 and CCL2 (Ryan, 2012).

4.1.3. Role of bone marrow derived cells in RIF

Hallmark histological features of radiation damage are reduction in
parenchymal cells and damage to endothelial cells which culminates
in development of tissue hypoxia. Radiation induced acute vascular in-
juries are one of the main causes of late manifestations of RIF (]. H.

Collagen and
extracellular matrix
deposition

Myofibroblats

Fig. 3. Myofibroblasts play an important role in fibrogenesis process by active synthesis and deposition of excessive collagen and extracellular matrix. Myofibroblasts can originate from
fibroblasts, vascular smooth muscle cell, bone marrow-derived fibrocytes, and endothelial or epithelial cells via a process of epithelial-mesenchymal transition (EMT).
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Kim et al.,, 2013). Angiogenesis and vasculogenesis are the two mecha-
nisms responsible for the repair of vascular damage (Patan, 2004).
Cytokines and growth factors like CXCR4 and SDF-1 mediate the migra-
tion and proliferation of endothelial cells to accomplish angiogenesis
and vasculogenesis which is further supported by influx of bone
marrow origin cells to the radiation injury site (Bastianutto et al.,
2007). Mesenchymal stem cells, endothelial progenitor cells, and
myelomonocytic cells predominantly migrate from bone marrow to
the irradiated site of injury. CD11b expressing myelomonocytic cells
are the most abundant cell population of bone marrow origin which lo-
calize to irradiated skin, lungs, brain, and bone marrow and stimulate
vessels repair releasing angiogenic factors. (Bastianutto et al., 2007; ].
H. Kim et al,, 2013). Thus, bone marrow derived cells migrate to the ir-
radiated tissue and participate in the reconstruction process.

4.2. Molecular mechanisms involved in RIF

The process of RIF involves several interactive molecular mecha-
nisms which eventually result in the activation of cellular responses in-
volved in establishment of fibrosis. Various cytokines such as TGF- 31,
connective tissue growth factor (CTGF), IL-6 and chemokines like CCL3
(macrophage inflammatory protein 1a) and CCL2 (monocyte
chemoattractant protein-1) induce the fibrosis process (A. Ejaz,
Epperly, Hou, Greenberger, & Rubin, 2019; Weigel, Schmezer, Plass, &
Popanda, 2015). In addition, epigenetic modifications, hypoxia, DNA
damage, and ROS production drive the fibrogenic process.

4.2.1. TGF- 31 role in radiation fibrosis

Transforming growth factor (3 superfamily consists of three isoforms
TGF-p1, 2, and 33, which regulate physiological processes like embry-
onic development, cell cycle, and wound healing (Derynck & Budi,
2019; Ma et al., 2017; Massague, 1990; Massagué, 1998). TGF- 31 iso-
forms have shown a key role in fibroproliferative diseases. It is a
25 kDa homodimer that is secreted in an inactive form complexed
through disulfide linkages with latent TGF- 31 binding protein, which
inhibits the latent form from binding to its receptors (Liénart et al.,
2018; Nunes et al., 1998; Saharinen, Taipale, & Keski-Oja, 1996;
Sheppard, 2015). Transforming growth factor is secreted by the cells
and a relatively large pool of latent TGF- 31 is always present in the ex-
tracellular space associated with ECM proteins (D. A. Lawrence, 2001;
Werb, 1997). Triggering events like wound healing or ionizing radia-
tions exposure induce activation of TGF- 31 within hours (Ehrhart,
Segarini, Tsang, Carroll, & Barcellos-Hoff, 1997; Leask & Abraham,
2004). Upregulation of plasmin proteases MMP-2, MMP-9, and o3
integrin in epithelial cells during wound healing is also associated
with activation of TGF- 31 (Jenkins, 2008; Yu & Stamenkovic, 2000).
In addition, thrombospondin-1 (TSP-1), a protein associated with an-
giogenesis, cell adhesion, and matrix reconstruction also promotes the
activation of TGF- 31 (Murphy-Ullrich & Suto, 2018).

The active TGF- 31 binds to a two subunit receptor complex with
serine/threonine kinase activity; engagement of both TGF- 3 type 1
and TGF- 3 type 2 receptors is essential for the downstream signal trans-
duction (Derynck & Budi, 2019). The downstream intracellular signaling
effectors are mainly the Smad proteins, although non-Smad pathways,
like mitogen activated protein kinase (MAPK) and phosphoinositide
3-kinase (PI3K)-AKT-mammalian target of rapamycin (mTOR) path-
ways, are also activated by TGF- 3 (Derynck & Budi, 2019). Smad protein
family consists of eight members of which two Smads, Smad 6 and 7,
antagonize TGF- 3 signaling (Hata & Chen, 2016; Hill, 2016; Katsuno
et al,, 2018). Smad are the major TGF- 3 family transducers, and activa-
tion of the TGF- 3 receptors in turn activate Smads through C-terminal
serine phosphorylation. These activated Smads translocate to the nu-
cleus and regulate gene expression via interactions with high-affinity
DNA binding transcription factors (Massagué, 2012). Smad proteins
can regulate large number of target genes, with the activation or repres-
sion outcome of a gene depending on the interaction of Smad proteins

with transcription factors and co-factors as well as the physiological
state of the cell.

Although TGF- 31 has a role in inhibition of cell growth and immu-
nosuppression, its role in regulation of extracellular matrix depositions
designate it as a key player in fibrogenesis (Meng, Nikolic-Paterson, &
Lan, 2016). TGF- B1 regulates extracellular matrix remodeling by
balancing its synthesis and degradation. The synthesis and deposition
of ECM post irradiation injury is facilitated by a simultaneous upregula-
tion of the genes responsible for ECM synthesis and down-regulation of
the matrix degrading proteases (Blobe, Schiemann, & Lodish, 2000;
Dutta et al., 2015; Schultze-Mosgau et al., 2004). The profibrotic role
of TGF- 31 is supported by the observation that both exogenous injec-
tion of TGF- R1 or genetic manipulation to overexpress TGF- 31 in
mice result in establishment of fibrosis (Michéle Martin, Lefaix, &
Delanian, 2000). Upon a single dose exposure of 35 Gy TGF- 1, gene ex-
pression was upregulated in the skin by 24 h and the expression is fur-
ther increased to several hundred folds by day 14 post exposure.
Expression of other profibrotic genes like connective tissue growth fac-
tor (CTGF) and collagens type 1-6 coincided with TGF- 31 expression
(A. Ejaz et al., 2019; Randall & Coggle, 1995). Keratinocytes and fibro-
blasts showed an increased activity of transcription factor Ap-1 upon ra-
diation exposure which in turns upregulate TGF- (31 transcription by
binding to the TGF- 31 promoter (M Martin et al., 1997). Smad signaling
downstream of TGF- 31 plays the key role in ECM synthesis and fibrosis,
as mice lacking intact Smad signaling cascade were resistant to fibrosis
development as a result of irradiation (A. Ejaz et al,, 2019; Flanders, Sato,
Ooshima, Russo, & Roberts, 2004; Roberts, Russo, Felici, & Flanders,
2003). An overview of TGF- (3 signaling in radiation fibrogenesis is
shown in Fig. 4.

4.2.2. CTGF role in radiation fibrosis

CTGF is a matricellular protein belonging to a small family of pro-
teins having a highly conserved disulphide bonding pattern and modu-
lates the interaction of cells with matrix to modify the cellular
phenotype (Lipson, Wong, Teng, & Spong, 2012). CTGF binds directly
to TGF- 31, enhance its binding to the receptor and regulating its ex-
pression in a positive feedback loop manner (Abreu, Ketpura,
Reversade, & De Robertis, 2002). CTGF expression is upregulated upon
irradiation, and it facilitates transdifferentiation of other cell types into
myofibroblasts and stimulates the ECM deposition by myofibroblasts
(A. Ejaz et al., 2019; Gore-Hyer et al., 2002; Lipson et al., 2012; Tsai,
Wu, Kau, & Wei, 2018). CTGF promotes TGF- 31 mediated ECM deposi-
tion and is an essential facilitator for TGF- 31 mediated sustained fi-
brotic response, as exogenous application of either TGF- 31 or CTGF
fail to generate a sustained response (Bickelhaupt et al., 2017; Mori
etal, 1999).

4.2.3. Chemokines and interleukins role in radiation fibrosis

Irradiated damaged cells and migratory leukocyte secrete
chemoattractant that augment profibrotic cytokines in development
of fibrosis by recruiting myofibroblasts and more immune cells to the
radiation injury site. CCL3 (macrophage inflammatory protein 1ot) and
CCL2 (monocyte chemoattractant protein-1) are the prominent media-
tors of fibrosis (Groves, Johnston, Williams, & Finkelstein, 2018; Wynn,
2008; Yang et al., 2011). Macrophages and epithelial cells are the main
source of CCL3, and blockade of CCL3 or its receptors, CCR1 or CCR5, re-
duce fibrosis development (Yang et al.,, 2011).

In addition to TGF- 31, interleukin 1 (IL-1) and Interleukin 6 (IL-6)
play an important role in the pathogenesis of radiation induced fibrosis.
IL-1 contributes to acute inflammatory response post irradiation and ac-
tivates T and B cells; it also facilitates fibroblast proliferation and colla-
gen synthesis during the late fibrotic (Miiller & Meineke, 2007; Zhang,
Jiang, & Ren, 2019). IL-6, a pro-inflammatory cytokine produced by fi-
broblasts, endothelial cells, immune cells, and bone marrow cells is up-
regulated during the acute phase of radiation injury (Di Maggio et al.,
2015; A. Ejaz et al., 2019). In vitro studies have demonstrated
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production of IL-6 by fibroblasts, keratinocytes, and endothelial cells
upon irradiation (Beetz et al.,, 1997; A. Ejaz et al., 2019; Petit-Frere
et al., 2000). Increase in IL-6 levels post irradiation is linked to worst
therapeutic outcome or toxicity (Marconi et al., 2019), as well as the de-
velopment of fibrosis in the late phase (Saito-Fujita et al., 2011).

4.2.4. Reactive oxygen species in radiation fibrosis

Generation of reactive oxygen species (ROS) after irradiation is one
of the driving mechanisms involved in RIF. ROS promote differentiation
and persistence of myofibroblast cells by inducing epigenetic changes
(Shrishrimal, Kosmacek, & Oberley-Deegan, 2019). lonizing radiations
result in generation of hydroxyl radicals ("OH), hydroperoxyl radicals
(HOO"), hydrogen peroxide (H,0-), and superoxide (0%) (Azzam, Jay-
Gerin, & Pain, 2012). ROS generation results in metabolic and epigenetic
changes responsible for establishment of RIF. Mitochondria produce
basal levels of superoxide and epigenetic metabolites such as nicotin-
amide adenine dinucleotide (NAD), a-ketoglutarate (o-KG), S-
adenosyl methionine (SAM), and acetyl-co which contribute to epige-
netic modifications like methylation, acetylation, and ribosylation. Ion-
izing radiations increase mitochondria ROS production and alter
epigenetic metabolite concentrations, leading to modifications of the
cells' epigenome (Pannkuk, Laiakis, Fornace Jr, Fatanmi, & Singh, 2018;
Yamamori et al., 2017). The decrease in the concentration of NAD ™ im-
mediately after radiation exposure reduces the ability of cells to counter
oxidative stress and repair damaged DNA. In addition to the altered me-
tabolites, ROS play an important role in regulating TGF- 3 signaling
(Richter & Kietzmann, 2016; Richter, Konzack, Pihlajaniemi,
Heljasvaara, & Kietzmann, 2015). ROS activate TGF- 3 signaling by me-
diating the release of TGF- 3 from its complex with latency associated
peptide (LAP). Activated TGF- 3 activates the Smad signaling cascade,

which in turns positively regulates ROS production via transcriptional
upregulation of NADPH oxidase 4 (NOX4), thus establishing a positive
feedback mechanism between TGF- 3 and ROS production, with both
positively regulating the other (Cheng et al., 2019; R.-M. Liu & Desai,
2015).

4.2.5. Epigenetics in radiation fibrosis

DNA methylation is a well characterized epigenetic modification
which controls gene expression by the addition of methyl groups to
DNA using DNA methyltransferases (DNMTs) (Laisné, Gupta, Kirsh,
Pradhan, & Defossez, 2018). Activation of the TGF- 3 pathway increases
the protein expression of DNMT1 and DNMT3a via PI3K-AKT-mTOR
pathway in fibroblasts (Koh, Scruggs, & Huang, 2016). Studies in fibrotic
tissue have shown the role of DNA methylation in pro-survival signals in
the activated myofibroblasts. Even so, no appreciable direct effect on
DNA cytosine methylation patterns in human cells exposed to acute
y-radiation was observed (Lahtz et al., 2012). Post translational modifi-
cations of histone proteins regulate chromatin architecture and gene
expression. Histone acetylation and deacetylation is generally associ-
ated with an increase or decrease in transcription, respectively (M.
Lawrence, Daujat, & Schneider, 2016). Exposure of skin to radiation re-
sults in TGF- 3 dependent upregulation of acetyltransferase enzymes
P300 and CBP in myofibroblasts cells as a contributing mechanism to
RIF (Shrishrimal et al., 2019).

Non-coding micro-RNAs (miRNAs) play an important role in regu-
lating epigenetic modifications involved in RIF. Studies have shown de-
regulation of several fibrosis related miRNAs upon irradiation exposure
fibrosis (Simone et al., 2009). The miRNAs which were upregulated
include let-7d, let-7 g, let-7i, miR-26b, miR-663, let-7e, miR-15b,
miR-21, miR-768-3p, and miR-768-5p; the prominent miRNAs
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down-regulated upon irradiation include: miR-24, let-7a, miR100,
miR125b, miR222, let-7b, and miR-638 (Simone et al., 2009). These
miRNAs regulate many key pathway molecules involved in fibrosis
(Weigel et al., 2015).

5. Treatment strategies for radiation induced fibrosis

Currently there are very few therapeutical option for RIF having
moderate clinical success. Recent work has improved our understand-
ing regarding the pathological mechanisms involved in RIF. Current
therapy candidates in clinics and in pipeline are based on modulating
these pathophysiological mechanisms. RIF is a multiphase phenomenon
governed by different molecular players, thus making it difficult to de-
sign drugs which can work for all stages of RIF (i.e. from acute to
established RIF). Current treatment strategies are mainly focused to
limit aggravating influences. A two-prong therapy approach based on:
(1) preventing the progression of the condition and (2) reconstruction
of damaged tissue can be a potential way forward. Based on the progres-
sion of the condition, therapeutical strategies can be characterized as
acute and chronic phase therapies.

5.1. Topical emulsions

Topical emulsions like Triethanolamine have been used in the clinic
for a long time to treat radiation injuries. It promotes healing by
recruiting macrophages and enhancing the growth of granulation tissue
(Del Rosso & Bikowski, 2008). A meta-analysis of seven studies con-
cluded that trolamine cannot be considered a standardized product to
prevent or treat radiation dermatitis in patients with breast, head, or
neck cancers (Menéses, Reis, Guerra, Canto, & Ferreira, 2018). Biafine
is another emulsion formulation containing triethanolamine which is
approved for wound healing. Application of biafine significantly reduce
skin toxicity in women receiving radiation therapy of the chest wall
(Szumacher et al., 2001).

5.2. Antioxidant therapies for RIF

Superoxide dismutases (SODs) catalyze the conversion of molecular
oxygen to hydrogen peroxide and oxygen. Application of liposomal
form of SOD (LipSOD) has shown reversal of established RIF in patients
and pigs (S Delanian et al., 1994; Lefaix et al., 1996). Mechanistically,
LipSOD results in reduction in transforming growth factor beta 1 ex-
pression. Development of low cost synthetic SOD has opened new ave-
nues for treatment of RIF (Wei et al., 2019). Use of SOD in different
formulations has shown radio-protective effects in lungs, esophagus,
and skin injury models (Campana et al., 2004; J. H. Kim et al., 2013;
Rabbani et al., 2005). Application of synthetic SOD EUK-207 resulted
in reduced wet desquamation, inflammation, and enhanced wound
contracture in rat model of skin radiation injury (A Rosenthal et al.,
2011).

Alpha-tocopherol (Vitamin E), is an antioxidant which protects
membrane phospholipids from oxidative damage by scavenging the re-
active oxygen species that are generated during oxidative stress (Patel &
McGurk, 2017). It also inhibits protein kinase C activity, platelet aggre-
gation, nitric oxide, and superoxide production in endothelial cells and
macrophages, respectively (Azzi, Ricciarelli, & Zingg, 2002). Use of vita-
min E has shown clinical benefits in clinics with a mean regression of
40% after 6 months of treatment (Sylvie Delanian, Porcher, Balla-
Mekias, & Lefaix, 2003). In addition, vitamin E rinses have demonstrated
radioprotection in head and neck cancer patients (Ferreira et al., 2004).
The clinical benefits could only be achieved at high doses of vitamin E,
which has reflected side effects in terms of increase in all-cause total
mortality (E. R. Miller et al., 2005). A combined use of vitamin E and
pentoxifylline, a methylxanthine derivative, has shown promising
results (Delanian et al., 1999; Haddad, Kalaghchi, & Amouzegar-
Hashemi, 2005). This combination therapy works by blocking the

TGF-P signaling in irradiated tissues (Hung, Huang, Chen, Lee, & Tsali,
2003; Lin et al., 2005).

5.3. Hyperbaric oxygen therapy for RIF

Hyperbaric oxygen therapy is a technique applied to treat hypoxic
radiation wound by increasing the partial pressure of oxygen in blood.
Although the mechanism of mitigation of hyperbaric oxygen in irradi-
ated wounds is not clearly understood, is postulated that mitigation is
due to the increase in local oxygen tension resulting in enhanced angio-
genesis (Borab, Mirmanesh, Gantz, Cusano, & Pu, 2017). Patients are
usually treated by application of 2-2.5 ATA pressure for 60-120 min
(Bennett, Feldmeier, Hampson, Smee, & Milross, 2016). A systemic re-
view of eight different studies concluded hyperbaric oxygen treatment
to be a safe and effective treatment option for RIF (Borab et al., 2017).
Another meta-analysis concluded efficacy of hyperbaric oxygen therapy
for osteoradionecrosis in the head and neck and for radiation proctitis
(Kalman, Zhao, Anscher, & Urdaneta, 2017).

5.4. Adipose tissue-based therapies for RIF

Autologous fat transfer (AFT) is a minimally invasive surgical proce-
dure in the USA and is an emerging modality able to reverse and rejuve-
nate the fibrotic changes in skin (Borrelli et al., 2019; M. H. Lee et al.,
2009). Adipose tissue is harvested with low morbidity from subcutane-
ous regions of the abdomen, flank, or hips using a hollow bore suction
cannula (Strong, Cederna, Rubin, Coleman, & Levi, 2015) The harvest
yields particles of adipose tissue, approximately 3-5 mm, consisting of
adipocytes, vessel fragments, connective tissue, and ASCs. The har-
vested adipose tissue is injected into local tissues with specialized can-
nulas that can infiltrate scarred and fibrosed planes. First clinical
evidence showing improvement in fibrotic skin wound and tissue func-
tion was provided by Rigotti et al. in 2007. Treating a group of twenty
patients, they showed that injection of lipoaspirate enriched with stro-
mal vascular fraction improved LENT-SOMA score, enhanced neovessel
formation, and improved hydration of the irradiated skin (Rigotti et al.,
2007). Succeeding studies confirmed the initial observation and showed
improvement in clinical symptoms and scores (Lindegren et al., 2019;
Mohan & Singh, 2017; Panettiere, Marchetti, & Accorsi, 2009; Phulpin
et al,, 2009; Serra-Renom, Mufioz-Olmo, & Serra-Mestre, 2010). While
there is some experimental evidence that physical (Carlson, Longaker,
& Thompson, 2003; Fluck et al., 1998; Grinnell, Zhu, Carlson, &
Abrams, 1999) or dilutional (Verhoekx, Mudera, Walbeehm, & Hovius,
2013) effects of fat grafting may affect fibroblast survival or activity,
most evidence suggests that adipose-derived stem cells (ASCs) are re-
sponsible for the beneficial effects of lipoaspirate injection in tissue
with chronic radiation sequelae (Borovikova et al., 2018; Borrelli et al.,
2019). ASCs, found in high concentrations in the perivascular region
and throughout the adipose stroma, contribute to graft survival and vas-
cularization by releasing angiogenic growth factors. Enzymatic diges-
tion of adipose tissue with collagenase produce two main fractions:
the adipocyte fraction and the stromal vascular fraction (SVF) (Berry
et al., 2014). The SVF comprises of ASCs, lymphocytes, endothelial
cells, pericytes, and fibroblasts (Berry & Rodeheffer, 2013). Immune-
phenotypically, ASCs are defined as CD34"CD90"CD29"CD45 CD31~
cells of mesenchymal origin, exhibiting tri-lineage differentiation capa-
bilities into bone, cartilage, or fat (Asim Ejaz, Mattesich, & Zwerschke,
2017; Ejaz et al., 2016; Minteer, Marra, & Rubin, 2013; Varma et al.,
2007; Zimmerlin, Donnenberg, Rubin, & Donnenberg, 2013). In white
adipose tissues, these cells mainly reside in the vascular stroma around
small blood vessels and can proliferate and differentiate into adipocytes
(Horl et al,, 2017; Tang et al., 2008; Zwierzina et al., 2015). ASCs exhibit
similarities to bone marrow-derived mesenchymal stem cells (De
Ugarte et al.,, 2003; Kern, Eichler, Stoeve, Kluter, & Bieback, 2006), but
have multiple advantages including sample abundance in most patients,
relative ease of harvest, ability to culture and amplify, and higher stem
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cell yield in adipose tissue compared to bone marrow (De Ugarte et al.,
2003; Guilak et al., 2006; Sterodimas, de Faria, Nicaretta, & Pitanguy,
2010).

5.4.1. Role of adipose-derived stem cells in mitigation of radiation induced
fibrosis

Several properties of ASCs mainly attributed to a plethora of growth
factors and cytokines released by them are suggested to contribute to
the mitigation of radiation injury (Fig. 5):

I. Pro-angiogenic. ASCs can differentiate into vascular endothelium
and secrete growth factors such as vascular endothelial growth
factor (VEGF) and hepatocyte growth factor (HGF) that stimulate
neoangiogenesis (Cao et al, 2005; Gehmert et al, 2011;
Hausman & Richardson, 2004; Kilroy et al., 2007; Kinnaird
et al., 2004; S. Liu et al., 2011; Matsuda et al., 2013; Philips
et al., 2013; Philips, Marra, & Rubin, 2012; Rehman et al., 2004;
H. Suga, Glotzbach, Sorkin, Longaker, & Gurtner, 2014). In addi-
tion, injection of ASCs facilitates the influx of bone marrow
stem cells to fibrotic regions (Butala et al., 2010; A. Ejaz et al.,
2019). Fat grafting enhances vascularization in fibrotic skin
(Borovikova et al., 2018).

II. Antioxidant. Decrease in vascularization of fibrotic tissue result in
hypoxia and increased ROS production. In addition, influx of
macrophages at the site of radiation injury further enhances
ROS production and accumulation. Increase in vascularity upon
ASCs treatment exert antioxidation effects. Several secreted fac-
tors such as insulin-like growth factor (IGF), HGF, pigment
epithelium-derived factor (PEDF) and PDGF are purported to
confer antioxidant properties of ASCs (W. S. Kim et al., 2008;
W. S. Kim, Park, & Sung, 2009; Pinheiro et al., 2012). In addition,
ASCs confer a direct anti-oxidant effect by upregulation of anti-
oxidant markers like glutathione peroxidase (GPx), glutathione
reductase, heme oxygenase, NAD(P)H quinone oxidoreductase,
and endothelial nitric oxide (NO) synthase (Borovikova et al.,
2018).

Adipose tissue

)

III. Immunomodulatory. The role of ASCs in immunomodulation is

complex; however, suppression of immune activity and anti-
inflammatory effects have been observed (Gonzalez, Gonzalez-
Rey, Rico, Buscher, & Delgado, 2009; Keyser, Beagles, & Kiem,
2007; Pinheiro et al., 2012; Puissant et al., 2005). ASCs exert im-
munosuppressive effect via release of factors like prostaglandin
E2 and indoleamine 2,3- dioxygenase (DelaRosa et al., 2009;
Mclntosh et al., 2006a). In addition, ASCs have potent anti-
inflammatory properties, interacting with innate and adaptive
immune responses and capacity to down regulate T cell prolifer-
ation (McIntosh et al., 2006b; Plock et al., 2015; Plock et al., 2017;
Waldner et al., 2018). ASCs mediate a phenotypic switch from
pro-inflammatory switch of M1 macrophages to anti-
inflammatory M2 type (Shang et al., 2015). Whole genome anal-
ysis of patients treated with AFT for fibrosis revealed modulation
of inflammatory pathways (Lindegren et al., 2019).

IV. Regenerative. Since the discovery of their pluripotency (Zuk et al.,

2002), ASCs have been shown to differentiate into adipogenic,
osteogenic, chondrogenic, myogenic, cardiomyogenic, and
neurogenic-type cells (Philips et al., 2012; Strem et al., 2005;
Tsuji, Rubin, & Marra, 2014). Regenerative ability of ASCs is in
part attributed to their ability to withstand tissue hypoxia. Most
of the mature adipocytes resorb after AFT but ASCs survive the
hypoxic environment, proliferate, and differentiate into mature
adipocytes (Mizuno et al., 2008).

V. Antiapoptotic. Though the signaling mechanisms are unclear,

treatment with ASCs has been shown to reduce apoptosis rates
in endothelial cells and fibroblasts (W. S. Kim et al., 2008;
Rehman et al.,, 2004).

VI. Antifibrotic. Studies have shown a decrease in TGF-3 gene expres-

sion in fibrotic tissue upon ASCs/lipoaspirate administration. In-
jection of ASCs result in a decrease in scar size, TGF-p
expression, and scar remodeling due to increased MMP expres-
sion in minipigs (Yun et al., 2012). Using a rabbit model of radia-
tion induced muscular fibrosis, Sun et al. has shown a decrease in
collagenous fibrosis area and TGF-31 expression upon ASCs
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Fig. 5. Adipose derived stem cells regulate TGF-P signaling, inflammation, hypoxia, reactive oxygen species (ROS) levels, and tissue inhibitors of metalloproteinases (TIMPs) to attenuate

radiation induced skin fibrosis.
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therapy (Sun et al., 2016). The key adipogenesis transcription
factor, peroxisome proliferator-activated receptor gamma,
mediates antifibrotic effects via adiponectin and blocks the
TGF-p-Smad signaling cascade (Fang et al., 2012). Advocating
for a possible paracrine mechanism, ASC's conditioned medium
reduced the expression of collagens in TGF-p treated human der-
mal fibroblasts (Spiekman et al., 2014). ASCs release basic fibro-
blast growth factor (bFGF), epidermal growth factor (EGF),
platelet derived growth factor (PDGF), vascular endothelial
growth factor (VEGF), and hepatocyte growth factor (HGF) in re-
sponse to mechanical stress (Banyard et al., 2016). bFGF pro-
motes HGF release by ASCs via the c-jun N-terminal kinase
(JNK) pathway (Suga et al., 2009). bFGF mediates anti-fibrotic ef-
fects of ASC based therapies through induction of myofibroblasts
apoptosis (Funato, Moriyama, Shimokawa, & Kuroda, 1997), col-
lagen remodeling, MMP-1 upregulation, TIMP-1 down-
regulation and inhibition of TGF-B1 signaling (Shi et al.,, 2013).

5.4.2. Hepatocyte growth factor is the key weapon for ASCs against fibrosis

HGF is a single inactive polypeptide secreted by mesenchymal cells
and cleaved into its active form in the extracellular space by serine pro-
teases. Like TGF-P, HGF is widely distributed in the extracellular matrix
of most tissues. Its receptor, HGFR (Hepatocyte Growth Factor Recep-
tor), is expressed by mesenchymal, endothelial, and epithelial cell
lines. The receptor has a complex structure and triggers many intracel-
lular pathways. Antifibrotic effects of HGF have been demonstrated in
skin, myocardial, pulmonary, hepatic, and renal fibrosis (Cahill,
Kennelly, Carty, Mahon, & English, 2016; Chen et al., 2016; Ejaz et al.,
2019; lekushi et al., 2010; Ogaly, Eltablawy, El-Behairy, El-Hindi, &
Abd-Elsalam, 2015).

A direct role of HGF in blocking the nuclear translocation of TGF-
31 has been depicted (Youhua Liu, 2004). HGF exerts anti-
inflammatory effects in fibrotic tissue environment by reducing the

expression of TNF-o, INF-y, MCP-1, and IL-12 through reduction in
NF-kB (Youhua Liu, 2004; Y Liu & Yang, 2006). Employing a
transwell co-culture system, we observed that ASCs downregulate
expression of fibrosis related genes TGF-3, CTGF, IL1, NF-«B, TNF,
and Collagen1-6 in co-cultured irradiated human foreskin fibroblasts.
We observed HGF secreted by ASCs as the paracrine factor responsi-
ble for directly shutting down fibrosis related genes in damaged cells
and recruiting bone marrow cells to irradiated tissue for damage re-
pair (A. Ejaz et al, 2019) (Fig. 6). Although there is evidence of
antifibrotic properties of ASCs (Yun et al., 2012), paradoxically they
can also secrete profibrotic factors and stimulate the proliferation
and migration of fibroblasts, but the overall outcome of ASCs treat-
ment is remodeling of the fibrous tissue (W. S. Kim et al,, 2007; R.
Kumar, Griffin, Adigbli, Kalavrezos, & Butler, 2016; S. H. Lee, Jin,
Song, Seo, & Cho, 2012).

5.5. Other therapeutic strategies

Statins play an important role in regulating cholesterol biosynthesis.
Statins have shown a mitigation effect against RIF, mainly by downreg-
ulating inflammatory pathways mediated by TGF-3, TNFq, and Rho ki-
nases (Fritz, Henninger, & Huelsenbeck, 2011; Kalman et al., 2017;
Monceau et al., 2010; Ostrau et al., 2009). A phase II clinical study has
demonstrated beneficial effects of statin use in reversing the RIF in
head and neck squamous cell carcinomas patient treated with RT
(Bourgier et al., 2019).

Direct inhibitors of inflammatory mediators of radiation fibrosis,
TGF-B and TNF-a, have been investigated as a potential therapeutic ap-
proach. Halofuginone, a plant alkaloid which inhibits TGF-[3, has shown
to be effective in mitigating radiation-induced fibrosis in mice (Xavier
et al., 2004). Inhibition of TGF-B also mitigated fibrosis in lungs
(Dadrich et al., 2016). Similarly, blocking TNF-o mitigated radiation in-
jury of the skin in mice (J. H. Kim, Jenrow, & Brown, 2014).
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Fig. 6. Role of hepatocyte growth factor in mitigation of radiation induced fibrosis. Focus radiation dose of 35Gy to mouse hind limb leads to an upregulation of pro-fibrotic gene expression
and loss of limb movement. Adipose derived stem cells release hepatocyte growth factor upon exposure to irradiated environment which mitigate fibrosis by: (1) down regulating the
expression of pro-fibrotic genes TGF-3 and CTGF, thus halting the progression of fibrosis and (2) promoting migration of bone marrow cells to irradiated tissue to participate in tissue

regeneration.
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6. Conclusion

Radiation therapy is the mainstay of modern cancer management.
The field of radiation therapy has undergone enormous technological
advancement enabling radiation oncologists to escalate therapy doses
with minimal side effects. Despite the progress, radiation therapy exerts
acute and late side effects on the surrounding tissues, thus limiting the
intensity of radiation dose required for a precise loco-regional tumor
control. Radiation induced fibrosis is one of the major late side effects
which could have life-threatening consequences. The advancement in
molecular biology techniques have enabled researchers to better under-
stand the molecular mechanisms involved in RIF development.
Currently there are very few therapy options with low efficacy. Stem
cells therapies, particularly those using adipose tissue derived stem
cells, have shown clinical promise in treating radiation fibrosis. Future
research to elucidate the cellular and molecular mechanisms involved
in development of RIF will help to improve current approaches and de-
velop new therapeutical strategies.
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