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Abstract: The Notch pathway is an evolutionary conserved signalling mechanism that regulates cellular fate and
development in various types of cells. The full spectrum of Notch effects has been well studied over the last decade in the
fields of development and embryogenesis. But only recently several studies emphasized the involvement of the Notch
signalling pathway in fibrosis. This review summarizes the structure and activation of the Notch family members, and
focuses on recent findings regarding the role of Notch in organ fibrogenesis, in humans and in animal models.
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INTRODUCTION
The treatment of tissue fibrosis is a challenge for the
medical community. Indeed, 40 % of the developed world
mortality is caused by fibrotic diseases and, to date, no
efficient therapy is available. Over the past two years, an
increasing number of papers have reported the involvement
of new mediators in fibrogenesis, including the Notchsignalling pathway. In the present review, we will first
present the Notch family members, their functions and
structures. Then, we will focus on the implication of Notchsignalling in fibrosis and develop its role in the development
of fibrotic diseases affecting various organs especially in the
context of rheumatic diseases.
STRUCTURE, ACTIVATION AND FUNCTIONS OF
NOTCH RECEPTORS AND LIGANDS
Notch proteins are single-pass transmembrane receptors
with a conserved expression among animal species during
evolution. Their principal function is the regulation of many
developmental
processes,
including
proliferation,
differentiation and apoptosis [1]. Four Notch proteins have
been described in mammals (Notch 1 to 4), and they have
non-redundant functions during embryogenesis [2].
Structure of Notch Receptors and Ligands
Notch receptors are located at the cell surface with
extracellular and intracellular portions linked in a noncovalent manner (Fig. 1). The binding of the extracellular
portion to its ligand triggers two successive proteolytic
cleavages in the receptor. The second cleavage leads to the
release of the intracellular portion of the receptor in the
cytoplasm and its translocation to the nucleus. The Notch
extracellular domain is characterized by numerous EGF-like
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repeat domains (29 to 36) that are critical for the binding of
the ligand [3]. EGF-like repeats are followed by three
cystein-rich domains (LIN) that prevent signalling in the
absence of ligation [4]. The intracellular portion of Notch
receptors (NICD, Notch Intra-Cellular Domain) contains
regions which mediate signal transduction: a RBP-Jassociated-molecule (RAM) domain, ankyrin repeats (ANK)
which interact with downstream proteins, a transactivation
domain (TAD) and a C-terminal PEST (Prolin, Glutamic
acid, Serin, Threonin) domain that is pivotal for the stability
of the protein. Vertebrates and mammals have four different
Notch receptors, that differ mainly in the number of EGFlike repeats and C-terminal sequences located between the
ANK and PEST domains.
Notch ligands are transmembrane proteins with a large
extracellular portion. They are encoded by genes of the
Jagged (JAG1 and JAG2) and Delta-like (DLL1, 3 and 4)
families [4]. Each ligand contains EGF-like domains and a
“Delta-Serrate-Lag” (DSL) sequence, conserved among
Drosophila melanogaster, Caenorhabditis elegans and
vertebrates (Fig. 1). Depending on the context, the ligand can
be produced by a cell from the same lineage as the cell
expressing Notch receptor or from a disctinct population [5].
Also, ligands can interact with Notch within the same cell
(cis-interactions), and inhibit Notch signalling [6]. The
mechanisms leading to the expression of an active ligand on
the cell surface are still not clear, and further molecular
studies are needed.
Activation of Notch Receptors
The activation of the Notch-signalling pathway requires
cell to cell contact. The binding of Notch to one of its
ligands triggers an extracellular cleavage by the ADAM17
metalloprotease (also named TACE, for Tumor-necrosisfactor Alpha Converting Enzyme), thus leading to the
formation of a membrane-tethered cleaved form of Notch
(called NEXT), which is not the active form of the receptor
[7]. This first step is followed by a second cleavage achieved
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Fig. (1). A. Structure of Notch receptors in mammals. Notch is a heterodmeric transmembrane receptor. The extracellular domain
containsEGFlike repeats and LIN repeats. The intracellular domain contains a RAM domain (RBP-J associated molecule), nuclear
localization sequences (NLS), seven ankyrin repeats (ANK), a transactivation domain (TAD) and a PEST sequence (Proline, Glutamate,
Serine, Threonine-rich domain). The four Notch receptors differ in the number of EGF-like repeats and Cterminal sequences. B. Activation
of the Notch pathway. Notch binds its l igand, is first cleaved by a metalloprotease and second by the -secretase compex. These cleavages
allow the release of the Notch intra-cellular domain (NICD) and its transport into the nucleus, where it cooperates with transcription factors
to regulate gene activity.

by a -secretase complex [8]. The Notch cleavage by the secretase enzymatic complex allows the release of the
intracellular domain of Notch (NICD), the active form of
Notch proteins [9]. The -secretase complex is the target of
DAPT, a pharmacological inhibitor of the Notch pathway
used in several preclinical studies mentioned below. NICD

translocates to the nucleus where it induces target genes, that
belong mainly to the Hes and Hey family [1, 2].
The release of the intracellular portion of Notch receptors
is a key-step in the activation of the Notch pathway because
NICD is directly involved in the transcriptional regulation of
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nuclear target genes, without relying on second messengers
or phosphorylation cascades [5]. Not only is the activity of
Notch receptors regulated by ligand binding and proteolytic
cleavages, it is also regulated through post-transcriptional
mechanisms such as glycosylation, endocytosis, endosomal
trafficking and recycling, and ubiquitination [3, 5].

induces epithelial-to-mesenchymal transition by interactions
with the TGF- pathway. Indeed, Notch induces the
production of TGF-1 and the phosphorylation of Smad3
that favours the expression of -SMA and leads to EMT.
Thus, overexpression of Notch family members can induce
EMT and fibrogenesis in various organs.

Functions of Notch Receptors

NOTCH AND FIBROTIC DISEASES

Notch-signalling controls the developmental fate and
differentiation of cells. Thus, mutations of Notch receptors
and ligands in mice lead to dysfunctions in many tissues,
including the vascular system and the immune system. In
humans, mutations of genes coding for different members of
the Notch pathway have been linked to hereditary diseases,
including the Alagille syndrome, CADASIL syndrome
(Cerebral Autosomal Dominant Arteriopathy with
Subcortical Infarcts and Leucoencephalopathy), tetralogy of
Fallot, and spondylocostal dysostosis [10, 11]. Moreover,
deregulation of Notch signalling can lead to cancer [12]. The
involvement of Notch in the development of haematological
malignancies, such as T-acute lymphoid leukemia, is now
established, and recent studies have reported a role for Notch
in solid tumours [11]. Indeed, depending on the cell type and
context, Notch can act as a tumor promoter or suppressor
[12].

Recently, several papers have suggested that
overexpression of Notch signalling may have fibrogenic
effects in a wide spectrum of diseases, including scleroderma
[18, 19], idiopathic pulmonary fibrosis [20], kidney fibrosis
[21], and cardiac fibrosis [22].

NOTCH AND EPITHELIAL-MESENCHYMAL TRANSITION (EMT)
Epithelial-mesenchymal transition is a process, initially
described in early embryogenesis, through which epithelial
cells acquire a mesenchymal-like phenotype [13]. Epithelial
cells lose their epithelial characteristics, including Ecadherin expression and apical-basal polarity, and reorganize
their cytoskeleton to acquire a motile behaviour and the
phenotype of myofibroblasts. This dynamic process has been
well studied in the embryonic development, but also plays a
key role in the genesis of new fibroblasts during the
development of organ fibrosis in adult tissues. Indeed, in
mature tissues, epithelium can undergo EMT following
epithelial stress such as inflammation or wounding, leading
to fibroblast proliferation and fibrogenesis [14]. Thus,
epithelia contribute to fibrosis by creating new fibroblasts
that coexist with resident fibroblasts to produce extracellular
matrix in excess.
A large bulk of evidence suggests that EMT is associated
with fibrotic diseases such as progressive chronic kidney
disease, lung fibrosis and, possibly, liver fibrosis [14, 15].
Recently, several studies have shown that the Notch pathway
is involved in the EMT induction process [16, 17]. In 9.5
days old mouse embryos Timmerman and colleagues
demonstrated that Notch is critical for the promotion of EMT
in the developing heart. In this study, mice with a targeted
deletion of Notch1 receptor or its effector RBP-JK-CSL
exhibited abnormal maintenance of intracellular endocardial
adhesion complexes and abortive endocardial EMT in vivo
and in vitro. In another recent study [17], Aoyagi-Ikeda and
colleagues have shown in RLE-6TN cells (rat alveolar
epithelial cells) that the activation of the Notch pathway by
ectopic expression of NICD or by co-culture of RLE-6TN
cells with Jagged-1, induces the expression of -SMA, a
marker of myofibroblasts, type-1 collagen and vimentin.
They showed that the Jagged1/Notch signalling pathway

Skin Fibrosis and Systemic Sclerosis
In humans, Notch1 is expressed in all epidermal layers.
Notch ligands Jagged and Delta-like are also expressed in
the epidermis. Notch1 induces the differentiation of
keratinocytes through the expression of early markers such
as keratin1 and involucrin [23]. Notch1, 2, and 3 are also
expressed in the hair follicle and are essential for its
homeostasis.
Interestingly, Notch1 is also expressed in skin fibroblasts,
and is able to induce the transcription and expression of SMA through the activation of FIZZ1 (also known as
resistin-like molecule-, RELM-, or hypoxia-mediated
inducible factor), thus triggering the differentiation of
fibroblasts into myofibroblasts.
Systemic sclerosis (SSc) is a connective tissue disease
characterized by vascular dysfunction, fibrosis of skin and
visceral organs, and immunologic dysregulation associated
with the presence of autoantibodies [24]. Although
environmental and genetic factors have been incriminated,
the mechanisms that are directly implicated in the
pathogenesis of the disease are still unclear [25]. Some
advances have been made to treat vascular complications,
but no treatment has shown convincing effectiveness to
reduce skin and visceral fibrosis. An increasing amount of
evidence suggests that the Notch pathway is implicated in
the development of the fibrosis that characterizes SSc in both
rodent and human [18, 26, 27]. Indeed, Notch1 is activated
in the lesional skin of SSc patients and in their fibroblasts
[18, 26]. Mice with ROS-induced SSc, bleomycin-induced
SSc and Tsk1-mice also display elevated levels of NICD in
skin and lungs. This accumulation of NICD is associated
with the overactivation of ADAM17 (TACE), a proteinase
involved in Notch activation through the first cleavage of the
Notch receptor [18]. Moreover, treating mice with DAPT, a
-secretase inhibitor that blocks the release of NICD, can
reduce the collagen content in skin and lungs and the
production of autoantibodies, thus preventing the
development of SSc in the different mouse models [18, 26,
27]. Similarly, treating SSc-mice with Notch siRNA
prevented dermal thickening and fibrosis [27].
The activation of the Notch cascade has major
implications on the activation of fibroblasts in SSc. Indeed,
the stimulation of SSc fibroblasts with a recombinant Jag-1Fc chimera results in their differentiation into myofibroblasts
expressing high levels of -SMA and producing high
amounts of collagen and ECM [26]. The pharmacological
blockade of Notch-signalling with DAPT can also normalize
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the proliferation rate of dermal fibroblasts extracted from
lesional skin. In a wound-healing mouse model, the increase
in fibroblast proliferation has been correlated with the
activation of the Notch pathway and can be blocked by the
treatment of mice with DAPT, showing that Notch-signalling
plays important roles in the proliferative properties of
fibroblasts [28].
These data emphasize the role of Notch in the fibrotic
process observed in SSc in humans and in several animal
models.
Several hypotheses can explain the overactivation of
Notch1 in SSc. First, reactive oxygen species (ROS) could
activate Notch in SSc-fibroblasts. Indeed, the involvement of
ROS in the pathophysiology of SSc [29-33] has been
emphasized in a large number of studies, and we have
developed a model of murine SSc induced by ROS [34]. In
this model, skin fibrosis is induced by intradermal generation
of HOCl that oxidizes skin proteins. Among those proteins,
oxidized DNA topoisomerase-1 itself can generate an
oxidative stress. This stress leads to the stimulation and
proliferation of fibroblasts and to the overproduction of
collagen and fibrosis. It also involves endothelial cells and
is, at least partly, responsible for a vasculopathy. The
development of fibrosis is not limited to the skin, because
DNA topoisomerase-1 and other oxidized proteins can
circulate and determine a systemic fibrosis. Fig. (2) describes
the hypothetical mechanisms of activation of Notch
receptors in ROS-mediated SSc during this process.
Intradermal ROS can also induce the synthesis of the
metalloprotease ADAM17 [18, 35, 36]. ADAM17 that
triggers the first step of Notch activation, that is the shedding
of the ectodomain of the receptor. ROS-induced ADAM17
could be a major factor of activation of the Notch pathway in
SSc. In addition, the ischemia-reperfusion process can
activate HIF-1 and lead to an increase in Notch1 mRNA
levels. In Ras-transformed human fibroblasts, oncogenic Ras
activates Notch1-signalling, which is required to maintain
the neoplastic phenotype of these cells [37]. In SSc, the
hyperproliferative phenotype of fibroblasts has been
associated with elevated levels of Ha-Ras and Ki-Ras [38].
Ha-Ras and Ki-Ras could activate the Notch pathway and
thus trigger their differentiation into myofibroblasts with
elevated proliferative capacities.
Altogether, the data obtained in skin fibroblasts both in
vitro and in vivo, demonstrate a pivotal role for Notchsignalling in the development of skin fibrosis especially in
patients with SSc.
Pulmonary Fibrosis
Progressive primary idiopathic or secondary pulmonary
fibrosis as observed in SSc, is a rapidly progressive illness
whose pathophysiology remains poorly understood. The
histological lesions show fibroblast foci where mesenchymal
cells proliferate and produce aberrant levels of ECM. Some
studies suggest that TGF- is involved in the recruitment of
the fibroblasts [39]. Active pulmonary fibrosis is
characterized by fibroblast proliferation, emergence of
myofibroblasts, ECM deposition and tissue remodelling. A
recent study on the abnormal differentiation of respiratory
epithelial cells in idiopathic pulmonary fibrosis has reported
the activation of the Notch pathway in the lung. Hes-1, a
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Notch target gene, was highly expressed in lung mucus cells
from patients with chronic obstructive pulmonary disease,
idiopathic pulmonary arterial hypertension and idiopathic
pulmonary fibrosis [20].
FIZZ-1 is expressed by airway epithelial cells and
alveolar epithelial cells and is endowed with fibrogenic
properties [40]. In the lung, TGF- and FIZZ-1 can induce
myofibroblast differentiation and stimulate -SMA
expression in fibroblasts [41]. A study published by Liu and
colleagues has shown that the Jagged1/Notch-signalling
pathway is upregulated in response to FIZZ-1 and is crucial
for the myofibroblast differentiation of lung fibroblasts [42].
Using FX-ko mice that exhibit deficient Notch-signalling in
the absence of exogenous fucose supplementation, they
showed that Notch is required for the upregulation of SMA induced by FIZZ-1. They used the model of
bleomycin-induced pulmonary fibrosis to confirm that FIZZ1 induces and promotes myofibroblast differentiation in vivo
through Notch-signalling. Pulmonary fibrosis is associated
with a TH2 cytokine response modulated in part by Jagged
1/Notch 1 signalling that regulates TH2 differenciation and
the transcription of the gene of IL-4 (33). Interestingly, the
induction of pro-inflammatory and pro-fibrotic factors
(MCP-1, TNF-, IL-4, TGF-) was impaired in Notchdeficient mice.
Chronic Kidney Disease
Renal fibrosis is characterized by the increased
deposition of collagen and extracellular matrix, proliferation
of myofibroblasts, migration of leukocytes, dysfunctions of
epithelial cells and loss of capillaries. During kidney injury,
fibroblasts can originate from various sources. Recent
experiments have suggested that 15 % of fibroblasts
originate from bone-marrow, 35 % from local EMT
involving tubular epithelial cells under inflammatory
conditions, and the rest results from local proliferation [14].
Several pathways have been implicated in the development
of renal fibrosis, and a growing number of data indicate that
Notch-signalling plays a key role in its pathogenesis.
During kidney development, Notch1 and Notch2 are
expressed but do not play redundant roles [43]. Both
receptors are required for proximal tubule and podocyte
developments. In mature human and rodent developed
kidneys, Notch activity is not detected, indicating that the
pathway is mostly silenced once kidney development is
complete [44]. The reactivation of this pathway is implicated
in various renal disorders in humans and in animal models.
Murea and colleagues have shown that elevated levels of
Notch ligands and receptors are detected in several
glomerular diseases, such as membranous nephropathy,
lupus nephritis, crescentic glomerulonephritis and
tubulointerstitial fibrosis [44, 45]. A correlation was found
between the severity of the tubulointerstitial fibrosis and the
expression of cleaved Notch1 in the tubulointerstitium.
Concomitantly, another study showed that Notch plays a key
role in the development of tubulointerstitial fibrosis in
patients and in mouse models [21]. Using pharmacologic and
genetic in vivo and in vitro experiments, the authors
demonstrated that the expression of Notch in renal tubular
epithelial cells is necessary and sufficient for the
development of tubulointerstitial fibrosis. Moreover, genetic
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Fig. (2). Hypothetical modes of activation of the Notch pathway in systemic sclerosis. ROS produced during the ischemiareperfusion
phenomena or through the injection of HOCl in mice, could activate the metalloprotease ADAM17, thus indirectly triggering the release of
NICD. NICD can then translocate to the nucleus and activate the transcription of its target genes leading to the development of fibrosis.

deletion of the Notch pathway in these cells reduced renal
fibrosis. A previous report had shown that transgenic mice
with elevated expression of Notch1 in podocytes develop
albuminuria and sclerosis of the glomerule and die by the
age of 3 weeks [46].
Taken together, all these data indicate that the Notch
pathway plays a key role in kidney fibrosis. Pharmacological
inhibition of the Notch pathway could be an important
therapeutic strategy for chronic kidney diseases and further
studies are needed to determine the effectiveness of such
treatments.
Cardiac Repair
Notch-signalling plays a central role in heart
development. In humans, the Alagille syndrome, an
autosomal dominant disorder characterized by congenital
heart deficiency with pulmonary artery stenosis, enlarged
right ventricle and atrial and ventricular septation defects, is
linked to Jag1 and Notch2 mutations [47]. In mice, null
mutants for Jag1, Notch1, Notch2 and RBPJK display
multiple cardiac defects leading to early embryonic mortality

[48]. In the mammalian adult heart, Notch-signalling is
downregulated [49]. The mammalian adult heart responds to
injury with fibrosis, and recent findings suggest that Notchsignalling is critical for cardiac repair. Increasing Notch1
signalling in mesenchymal-stem cells leads to decreased
infarction size and improved cardiac function after
myocardial infarction [50]. Furthermore, Russell and
colleagues showed that the Notch pathway is activated in
epicardial-derived cells and drives their transdifferentiation
into fibroblasts after injury, through an EMT process [22].
Finally, these data provide new evidence for a role for Notch
in cardiac repair.
CONCLUSION
The Notch pathway, first described for its major role in
the development of organisms, is also a key mediator in
fibrogenesis as demonstrated by recent studies on skin, lung,
kidney and cardiac fibrosis. Further studies are needed,
especially in vivo and in patients, to determine whether the
inhibition of Notch ligands, receptors or downstream target
genes could be effective curative strategies to treat
established fibrosis.

New Insights into the Mechanism of Notch Signalling in Fibrosis

ACKNOWLEDGEMENT
Declared none.
CONFLICT OF INTEREST
Declared none.

The Open Rheumatology Journal, 2012, Volume 6 101
[20]
[21]
[22]

ABBREVIATIONS
NICD

=

Notch Intra-Cellular Domain

EGF

=

Epidermal Growth Factor

SSc

=

Systemic sclerosis

ROS

=

Reactive oxygen species

ECM

=

Extracellular matrix

EMT

=

Epithelial-to-mesenchymal transition

FIZZ-1

=

Found in inflammatory zone

[23]
[24]
[25]
[26]
[27]

REFERENCES

[28]

[1]

[29]

[2]
[3]
[4]
[5]
[6]
[7]
[8]
[9]
[10]
[11]
[12]
[13]
[14]
[15]
[16]
[17]

[18]
[19]

Artavanis TS, Rand MD, Lake RJ. Notch signaling: cell fate
control and signal integration in development. Science 1999;
284(5415): 770-6.
Egan SE, St PB, Leow CC. Notch receptors, partners and
regulators: from conserved domains to powerful functions. Curr
Top Microbiol Immunol 1998; 228: 273-324.
Bray SJ. Notch signalling: a simple pathway becomes complex.
Nat Rev 2006 ; 7(9): 678-89.
Osborne B, Miele L. Notch and the immune system. Immunity
1999; 11(6): 653-63.
Fortini ME. Notch signaling: the core pathway and its posttranslational regulation. Dev Cell 2009; 16(5): 633-47.
D'Souza B, Miyamoto A, Weinmaster G. The many facets of Notch
ligands. Oncogene 2008; 27(38): 5148-67.
Brou C, Logeat F, Gupta N, et al. A novel proteolytic cleavage
involved in Notch signaling: the role of the disintegrinmetalloprotease TACE. Mol Cell 2000; 5(2): 207-16.
Okochi M, Steiner H, Fukumori A, et al. Presenilins mediate a dual
intramembranous gamma-secretase cleavage of Notch-1. EMBO J
2002; 21(20): 5408-16.
Fortini ME. Gamma-secretase-mediated proteolysis in cell-surfacereceptor signalling. Nat Rev 2002; 3(9): 673-84.
Gridley T. Notch signaling in vascular development and
physiology. Development 2007; 134(15): 2709-18.
Ranganathan P, Weaver KL, Capobianco AJ. Notch signalling in
solid tumours: a little bit of everything but not all the time. Nat Rev
Cancer 2011; 11(5): 338-51.
Lobry C, Oh P, Aifantis I. Oncogenic and tumor suppressor
functions of Notch in cancer: it's NOTCH what you think. J Exp
Med 2011; 208(10): 1931-5.
Kalluri R, Neilson EG. Epithelial-mesenchymal transition and its
implications for fibrosis. J Clin Invest 2003; 112(12): 1776-84.
Iwano M, Plieth D, Danoff TM, Xue C, Okada H, Neilson EG.
Evidence that fibroblasts derive from epithelium during tissue
fibrosis. J Clin Invest 2002; 110(3): 341-50.
Chilosi M, Poletti V, Zamo A, et al. Aberrant Wnt/beta-catenin
pathway activation in idiopathic pulmonary fibrosis. Am J Pathol.
2003; 162(5): 1495-502.
Timmerman LA, Grego BJ, Raya A, et al. Notch promotes
epithelial-mesenchymal transition during cardiac development and
oncogenic transformation. Genes Dev 2004; 18(1): 99-115.
Aoyagi IK, Maeno T, Matsui H, et al. Notch induces myofibroblast
differentiation of alveolar epithelial cells via transforming growth
factor-{beta}-Smad3 pathway. Am J Respir Cell Mol Biol 2011;
45(1): 136-44.
Kavian N, Servettaz A, Mongaret C, et al. Targeting ADAM17/notch signaling abrogates the development of systemic sclerosis
in a murine model. Arthritis Rheum 2010; 62(11): 3477-87.
De Bandt M, Meyer O, Ribard P, Kahn M. Rhumatisme
fibroblastique. Une nouvelle observation. Rev Rhum Mal
Osteoartic 1992; 59: 369.

[30]
[31]

[32]

[33]
[34]
[35]

[36]
[37]
[38]

[39]
[40]
[41]
[42]
[43]
[44]

Plantier L, Crestani B, Wert SE, et al. Ectopic respiratory epithelial
cell differentiation in bronchiolised distal airspaces in idiopathic
pulmonary fibrosis. Thorax 2011 ; 66(8): 651-7.
Bielesz B, Sirin Y, Si H, et al. Epithelial Notch signaling regulates
interstitial fibrosis development in the kidneys of mice and humans.
J Clin Invest 2010; 120(11): 4040-54.
Russell JL, Goetsch SC, Gaiano NR, Hill JA, Olson EN, Schneider
JW. A dynamic notch injury response activates epicardium and
contributes to fibrosis repair. Circ Res 2001; 108(1): 51-9.
Okuyama R, Tagami H, Aiba S. Notch signaling: its role in
epidermal homeostasis and in the pathogenesis of skin diseases. J
Dermatol Sci 2008; 49(3): 187-94.
LeRoy EC, Medsger TAJ. Criteria for the classification of early
systemic sclerosis. J Rheumatol 2001; 28(7): 1573-6.
Gabrielli A, Avvedimento EV, Krieg T. Scleroderma. N Engl J
Med 2009; 360: 1989-2003.
Dees C, Tomcik M, Zerr P, et al. Notch signalling regulates
fibroblast activation and collagen release in systemic sclerosis. Ann
Rheum Dis 2011; 70(7): 1304-10.
Dees C, Zerr P, Tomcik M, et al. Inhibition of Notch signaling
prevents experimental fibrosis and induces regression of
established fibrosis. Arthritis Rheum 2011; 63: 1396-404.
Chigurupati S, Arumugam TV, Gen Son T, et al. Involvement of
notch signaling in wound healing. PloS One 2007; 2(11): e1167.
Allanore Y, Borderie D, Lemarechal H, Ekindjian OG, Kahan A.
Acute and sustained effects of dihydropyridine-type calcium
channel antagonists on oxidative stress in systemic sclerosis. Am J
Med 2004; 116(9): 595-600.
Herrick AL, Matucci Cerinic M. The emerging problem of
oxidative stress and the role of antioxidants in systemic sclerosis.
Clin Exp Rheumatol 2001; 19(1): 4-8.
Servettaz A, Guilpain P, Goulvestre C, et al. Radical oxygen
species production induced by advanced oxidation protein products
predicts clinical evolution and response to treatment in systemic
sclerosis. Ann Rheum Dis 2007; 66(9): 1202-9.
Sambo P, Baroni SS, Luchetti M, et al. Oxidative stress in
scleroderma: maintenance of scleroderma fibroblast phenotype by
the constitutive up-regulation of reactive oxygen species generation
through the NADPH oxidase complex pathway. Arthritis Rheum
2001; 44(11): 2653-64.
Ogawa F, Shimizu K, Muroi E, et al. Serum levels of 8isoprostane, a marker of oxidative stress, are elevated in patients
with systemic sclerosis. Rheumatology 2006; 45(7): 815-8.
Servettaz A, Goulvestre C, Kavian N, et al. Selective oxidation of
DNA topoisomerase 1 induced systemic sclerosis in the mouse. J
Immunol 2009; 182(9): 5855-64.
Zhang Z, Oliver P, Lancaster JJ, et al. Reactive oxygen species
mediate tumor necrosis factor alpha-converting, enzyme dependent
ectodomain shedding induced by phorbol myristate acetate. FASEB
J 2001; 15(2): 303-5.
Shao MX, Nadel JA. Dual oxidase 1-dependent MUC5AC mucin
expression in cultured human airway epithelial cells. Proc Natl
Acad Sci USA 2005; 102(3): 767-72.
Weijzen S, Rizzo P, Braid M, et al. Activation of Notch-1 signaling
maintains the neoplastic phenotype in human Ras-transformed
cells. Nat Med 2002; 8(9): 979-86.
Svegliati S, Cancello R, Sambo P, et al. Platelet-derived growth
factor and reactive oxygen species (ROS) regulate Ras protein
levels in primary human fibroblasts via ERK1/2. J Biol Chem
2005; 280: 36474-82.
Gross TJ, Hunninghake GW. Idiopathic pulmonary fibrosis. N Engl
J Med 2001; 345(7): 517-25.
Holcomb IN, Kabakoff RC, Chan B, et al. FIZZ1, a novel cysteinerich secreted protein associated with pulmonary inflammation,
defines a new gene family. EMBO J 2000; 19(15): 4046-55.
Liu T, Dhanasekaran SM, Jin H, et al. FIZZ1 stimulation of
myofibroblast differentiation. Am J Pathology 2004; 164(4): 131526.
Liu T, Hu B, Choi YY, et al. Notch1 signaling in FIZZ1 induction
of myofibroblast differentiation. Am J Pathol 2009; 174: 1745-55.
Sharma S, Sirin Y, Susztak K. The story of Notch and chronic
kidney disease. Curr Opin Nephrol Hypertens 2011; 20(1): 56-61.
Niranjan T, Bielesz B, Gruenwald A, -, et al. The Notch pathway in
podocytes plays a role in the development of glomerular disease.
Nat Med 2008; 14(3): 290-8.

102 The Open Rheumatology Journal, 2012, Volume 6
[45]
[46]
[47]

Kavian et al.

Murea M, Park JK, Sharma S, et al. Expression of Notch pathway
proteins correlates with albuminuria, glomerulosclerosis, and renal
function. Kidney Int 2010; 78(5): 514-22.
Waters AM, Wu MY, Onay T, et al. Ectopic notch activation in
developing podocytes causes glomerulosclerosis. J Am Soc
Nephrol 2008; 19(6): 1139-57.
High FA, Epstein JA. The multifaceted role of Notch in cardiac
development and disease. Nat Rev Genet 2008; 9(1): 49-61.

Received: March 3, 2012

[48]
[49]
[50]

Grego BJ, Luna ZL, del Monte G, et al. Notch signaling is essential
for ventricular chamber development. Dev Cell 2007; 12(3): 41529.
Collesi C, Zentilin L, Sinagra G, Giacca M. Notch1 signaling
stimulates proliferation of immature cardiomyocytes. J Cell Biol
2008; 183(1): 117-28.
Li Y, Hiroi Y, Ngoy S, et al. Notch1 in bone marrow-derived cells
mediates cardiac repair after myocardial infarction. Circulation
2011; 123(8): 866-76.

Revised: March 27, 2012

Accepted: April 4, 2012

© Kavian et al.; Licensee Bentham Open.
This is an open access article licensed under the terms of the Creative Commons Attribution Non-Commercial License (http://creativecommons.org/licenses/by-nc/
3.0/) which permits unrestricted, non-commercial use, distribution and reproduction in any medium, provided the work is properly cited.

