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Abstract

The transcription factor nuclear factor-erythroid 2-related factor 2 (Nrf2) is widely recognized as a master
regulator of the cellular stress response by facilitating the transcription of cytoprotective genes. As such,
the Nrf2 pathway is critical in guarding the cell from the harmful effects of excessive reactive oxygen spe-
cies/reactive nitrogen species (ROS/RNS) and in maintaining cellular redox balance. While excessive
ROS/RNS are harmful to the cell, physiological levels of ROS/RNS play important roles in regulating
numerous signaling pathways important for normal cellular function, including the synthesis of extracellu-
lar matrix (ECM). Recent advances have underscored the importance of ROS/RNS, and by extension,
factors that influence redox-balance such as Nrf2, in regulating ECM production and deposition. In addi-
tion to reducing the oxidative burden in the cell, the discovery that Nrf2 can also directly target genes that
regulate and form the ECM has cemented it as a multifaceted player in the regulation of ECM proteins,
and provides new insight into its potential usefulness as a target for treating ECM-related pathologies.
� 2021 The Author. Published by Elsevier Ltd. on behalf of IBRO. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Nuclear factor-erythroid 2-related
factor 2 (Nrf2)

Since its initial discovery over 25 ago [1], nuclear
factor-erythroid 2-related factor 2 (Nrf2) has
become known as one of the most important factors
in the cell that regulates cytoprotective responses to
environmental stressors [2,3]. Nrf2 is a member of
the cap’n’collar family of transcription factors whose
major function is to facilitate the transcription of
genes coding for antioxidant and detoxification
enzymes [4]. In this way, the Nrf2 pathway serves
as a principal mechanism through which the cell
can respond to excessive accumulation of reactive
oxygen species or reactive nitrogen species
(ROS/RNS). Targeting the Nrf2 pathway is there-
fore seen as a promising strategy to combat a num-
ber of human pathologies where excessive ROS/
RNS play a role, and several pharmaceuticals are
being developed or already used in this regard [5].
r. Published by Elsevier Ltd. on behalf of IBR
/by-nc-nd/4.0/).
The classical Nrf2 pathway has been extensively
studied and its regulation andmechanisms of action
have been reviewed previously in detail [2,3,6,7].
Nrf2 activity is primarily regulated at the protein level
by its chief antagonist, Kelch-like ECH-associated
protein 1 (Keap1) [8]. During homeostasis, Keap1
binds to Nrf2 in the cytoplasm, resulting in its ubiq-
uitination and rapid proteasomal degradation. Elec-
trophilic compounds that accumulate due to
elevated environmental stress, or ROS/RNS them-
selves, react with cysteine residues on Keap1, ren-
dering it ineffective and allowing newly synthetized
Nrf2 to accumulate in the nucleus. Alternatively,
other proteins such as p62, which accumulate when
autophagic flux is reduced, may bind competitively
to Keap1, and thereby promote nuclear accumula-
tion of Nrf2 by weakening the Nrf2-Keap1 interac-
tion [9,10]. Inside the nucleus, Nrf2 dimerizes with
small MAF proteins and binds to specific regions
of DNA called antioxidant response elements
(AREs), resulting in transcription of its target genes
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[4,7]. In this way, the Nrf2 pathway can effectively
combat accumulating toxic compounds as a result
of excessive ROS/RNS and lessen the oxidative
burden in the cell.
Restoring redox-balance by activating the Nrf2

pathway is central to many efforts at combating
disease [5]. Numerous small molecules have been
found to react with Keap1 similarly to endogenous
electrophiles, and thereby activate Nrf2. Some of
these compounds, such as dimethyl fumarate, are
now approved for use in humans to treat multiple
sclerosis and psoriasis, while several others are in
clinical trials for the treatment of other chronic dis-
eases or for cancer prevention [5]. Among the
harmful effects of excessive ROS/RNS are their
impact on ECM production and remodeling [11].
Dysregulation of normal ECM synthesis and/or
remodeling are a hallmark feature of fibrotic dis-
eases and can play a crucial role in cancer growth
and metastasis [11,12].
It is worth noting that Nrf2, and ROS/RNS in their

own right, affect inflammation by regulating gene
expression or signaling in non-immune cells, or in
immune cells themselves [13,14]. Inflammatory
responses play crucial roles in chronic disease,
including remodeling of the ECM via the action of
proteases [15]. While Nrf2-mediated regulation of
inflammation has been reviewed elsewhere
[13,16–18], the remainder of this minireview will
focus on mechanisms of Nrf2 in regulating the
ECM in health and disease, either by its impact on
ROS/RNS or by the recent discovery that Nrf2 can
directly target and regulate ECM genes in certain
cell types.
Regulation of ECM by ROS/RNS

ROS/RNS are often thought of as toxic and
harmful molecules, as they cause tissue damage
and contribute significantly to the pathogenesis of
a number of chronic diseases [19]. While this is
indeed the case for excessive ROS/RNS levels,
lower levels of ROS/RNS play essential roles in
physiological cellular processes and signaling [20].
Furthermore, transiently enhanced levels ROS/
RNS help combat invading pathogens following
injury [7,21]. As research on the role of ROS/RNS
in health and disease continues to develop, the pre-
cise roles of ROS/RNS in regulating the ECM are
becoming increasingly apparent. Modification of
the ECM plays a fundamental role in the pathogen-
esis of various diseases, making ROS/RNS-
mediated ECMmodifications a subject of increasing
relevance in the pursuit of improved therapies [22].
ROS/RNS can affect the ECM in multiple ways,
including regulating fibroblast behavior and differen-
tiation into myofibroblasts, ECM degradation and
remodeling, facilitating post-translational modifica-
tions of ECM proteins and controlling the activity
of ECM-regulating transcription factors (Fig. 1). Fur-
thermore, the ECM can signal back to cells and reg-
ulate ROS/RNS production itself, allowing for a
potential ECM-ROS/RNS feedback loop [23].
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Redox-mediated regulation of various aspects of
the ECM in health and disease has been explored
and comprehensively reviewed in detail
[11,12,24]. By regulating cellular redox-balance,
Nrf2 may play an indirect role in ECM regulation
by one or more of these mechanisms (briefly sum-
marized below).
Fibroblasts are the main producers of ECM in

tissues, therefore factors regulating their behavior
play major roles in the composition of ECM
produced and deposited by these cells [25]. Upon
activation, fibroblasts differentiate into myofibrob-
lasts, which are responsible for the synthesis and
deposition of ECM during healthy tissue repair
and in a number of fibrotic diseases [26,27]. Several
key factors are known to contribute to myofibroblast
differentiation, including transforming growth factor-
b (TGF-b), mechanical tension, and exposure to the
extra domain A (EDA) form of fibronectin [26]. ROS,
particularly those generated by NAD(P)H oxidases
(Nox), are known to be crucial for TGF-b-mediated
myofibroblast differentiation as shown, for example,
in cardiac, pulmonary and dermal fibroblasts [28–
30], although there may be exceptions to this in cer-
tain contexts [31]. Collectively however, these data
and others [32] clearly demonstrate that ROS/RNS
are crucial regulators of the myofibroblast
phenotype.
Among the many functions of the ECM is its role

as a reservoir for different growth factors and
cytokines, which can either shield their activity or
act synergistically to enhance their activity [33]. Tar-
geted cleavage of ECM components can result in
the release of sequestered growth factors, which
are then free to signal to cells. For example, TGF-
b is kept inactive by binding to latency-associated
peptide (LAP) and stored within the ECM by linking
to TGF-b binding protein. TGF-b remains in this
inactive state until it is released by mechanical
forces [34–36] or proteolytic cleavage [37–39].
ROS can also aid in this process by reacting directly
with LAP, causing it to lose its ability to bind TGF-b,
resulting in its eventual release and subsequent
activation [40–43]. Furthermore, ROS/RNS have
been shown to indirectly promote TGF-b signaling
by activating TGF-b liberating proteases [44,45],
and by promoting its synthesis [46–49].
Remodeling of the ECM is facilitated by proteases

and is essential during embryonic development and
tissue repair, but is pathological when the activity of
certain proteases is excessive (e.g. in chronic
wounds) or insufficient/dysregulated (e.g. in
fibrosis) [50,51]. Matrix metalloproteinases (MMPs)
are among the most prominent players when it
comes to remodeling of the ECM, and their dysreg-
ulation is observed regularly in different chronic dis-
eases featuring pathological ECM remodeling.
ROS are capable of regulating the activation of
MMPs, which are initially synthesized as inactive
zymogens [52,53], by reacting with cystine residues
bound to a zinc ion in the active site (referred to as
the cystine switch) [45,54]. This reaction allows for
the subsequent cleavage of the zymogen into the
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active enzyme, which can occur by autocatalytic
cleavage or by a number of other proteases (includ-
ing other MMPs) [53].
In addition to the regulation of MMP activity, ROS/

RNS can react directly with ECM molecules,
contributing to their degradation. One important
example of this is ROS/RNS-mediated
degradation of glycosaminoglycans (GAGs),
polysaccharide chains that make up a large part of
the ECM and exist independently (e.g.
hyaluronan) or attached to proteins to form
proteoglycans. GAGs play important roles in
mediating cell signaling and are significant
regulators of development and of multiple
diseases, including cancer [55–60]. Experiments
performed more than three decades ago suggested
that singlet oxygen can contribute to the degrada-
tion of hyaluronan [61]. dNO2 and dOH radicals
resulting from the decomposition of ONOO� have
also been shown to react with GAGs such as
hyaluronan, which is degraded by ROS/RNS-
mediated scission of the polymeric chains [62–64].
Numerous other reports have also confirmed the
susceptibility of hyaluronan, as well as other GAGs
such as chondroitin sulfate and heparan sulfate, to
ROS/RNS-mediated degradation [65–72]. In addi-
tion to GAGs, previous studies have demonstrated
that superoxide can react with and fragment colla-
gen, while other ROS/RNS-mediated modifications
are capable of rendering collagen more susceptible
to proteolysis [73–75].
Fig. 1. Actions of ROS/RNS on the ECM. ROS/RNS
glycosaminoglycans (GAGs) can be achieved by reacting
regulated enzymes. ROS/RNS react with MMPs, thereby p
regulated by ROS/RNS to facilitate intracellular TGF-b signa
from the ECM (e.g. by reacting with LAP). Several transcripti
ROS/RNS, and can promote the transcription of ECM gen
molecules to promote cross-linking.
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Post-translational changes, such as ECM cross-
linking, are known to require oxidative
modifications. Cross-linking of collagen and elastin
occurs enzymatically via lysyl oxidases, which
form covalent bonds between lysyl and
hydroxylysyl residues, but can also occur as a
consequence of aging mediated by advanced
glycation end-products [76]. The degree and type
of cross-linking has important biological conse-
quences such as alterations in the biomechanical
strength of collagen in tissues and susceptibility to
degradation by proteases [76]. ECM proteins, such
as fibronectin, are also linked byROS-mediated oxi-
dation to form disulfide bridges, which contribute to
the supramolecular assembly of different ECM
components into large, insoluble structures. Multi-
ple studies have demonstrated the importance of
ROS, such as hydrogen peroxide (H2O2), and per-
oxidases in mediating ECM-cross-linking [31,77–
82]. This includes studies investigating ROS-
mediated cross-linking in vivo, an effect that was
suppressed with the administration of antioxidants
or ROS-detoxifying enzymes such as catalase [83].
Finally, ROS/RNS are important regulators of

transcription factor activity and can therefore
influence the transcription of ECM genes and
remodeling enzymes. In addition to TGF-b/SMAD
signaling mentioned above, these include most
other transcription factors such as, nuclear factor
kappa B (NfkB), forkhead box, class O (Foxo),
p53, activator protein-1 (AP-1), cAMP response-
regulate the ECM in several ways. Degradation of
directly with ROS/RNS or by the actions of ROS/RNS-
romoting their activation. Myofibroblast differentiation is
ling, and can promote the release of sequestered TGF-b
on factors, including Nrf2, are regulated via the actions of
es. ROS/RNS also react with certain residues on ECM
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element binding protein (CREB), signal transducer
and activator of transcription (STAT) and more
[84,85]. H2O2, for example, regulates a number of
cellular pathways either via increased transcription
factor synthesis or modulation of transcription factor
activity [84]. Nrf2 is one of the most well-known
redox-regulated transcription factors which, in addi-
tion to being activated by electrophiles, can be acti-
vated directly by ROS/RNS through oxidation of
Keap1 [86]. Several lines of evidence suggest that
Nrf2 activation can impact the ECM, particularly in
diseases like fibrosis [87–89]. Indeed, modulation
of Nrf2 activity is thought to be a promising strategy
for treatment of these ECM-regulated diseases due
to its impact on intracellular ROS/RNS [5]. Further-
more, new advances suggest Nrf2 may, in addition,
have a more direct role in regulating the ECM than
once thought, extending its role in the body beyond
the transcription of antioxidant genes.
Nrf2-mediated regulation of ECM

Regulation of intracellular redox-balance by Nrf2
has been reported to influence ECM deposition
and remodeling in several cases. Experiments
using Nrf2 knockout (KO) mice have shown that a
deficiency in Nrf2 signaling results in greater
inflammation and associated ECM degradation in
mice exposed to UVB, likely due to the reduced
expression of cytoprotective enzymes such as
heme oxygenase 1 [90]. Other studies have used
specific activators of Nrf2 to reduce the oxidative
burden in the cell and reduce ECM production
[91,92]. Multiple studies have observed that
bleomycin-induced lung fibrosis is more severe in
Nrf2 KO mice, and Nrf2 deficiency also promoted
epithelial-mesenchymal transition (EMT) in vitro
[87,93–95]. Interestingly, the antioxidant effects of
Nrf2 have been suggested to specifically counteract
the effects of Nox4 in mediating the myofibroblast
phenotype and corresponding lung fibrosis [89].
Indeed, there is increasing evidence of a contribu-
tion of oxidative stress to tissue fibrosis, and links
between Nrf2, TGF-b signaling and fibrosis have
been the subject of several additional studies
[88,96,97].
Regulation of ROS/RNS levels via the

transcription of antioxidant genes is not the only
mechanism by which Nrf2 can impact the ECM.
Nrf2 is capable of directly regulating the
expression of genes coding for ECM proteins,
ECM-associated proteins and ECM remodeling
enzymes, collectively referred to as the
matrisome. This requires binding of Nrf2 to AREs
in the promotor or enhancer regions of the
respective target genes [4,7]. Efforts to uncover
Nrf2 binding sites, and by extension, potential Nrf2
target genes, have typically involved chromatin
immunoprecipitation followed by sequencing (ChIP-
seq). To date, 21 ChIP-seq datasets can be found
for human Nrf2 (NFE2L2) annotated on ChIP-
Atlas (http://chip-atlas.org/ [98]) from four different
cell types (lung epithelial adenocarcinoma cells
4

[99], bronchial epithelial cells [100], aortic endothe-
lial cells [101], lymphoblastoid cells [102,103]). Of
all predicted Nrf2 binding sites within 1 kb of gene
transcription start sites, 138 belong to genes encod-
ing proteins that make up the human matrisome
according to the list of matrisome genes generated
by the Matrisome Project: http://matrisomeproject.
mit.edu (32 core matrisome genes and 106 matri-
some associated genes) [104]. Using the same
methodology, Nrf2 binding is also observed near
matrisome genes in mice according to 9 ChIP-seq
datasets from 4 different cell types/tissues (my-
oblast cells [105], esophageal cells [106], hepato-
cytes [107], embryonic fibroblasts [108]). In these
mouse experiments, Nrf2 binding can be observed
in the regulatory region of 68 matrisome genes
(11 core matrisome genes and 57 matrisome-
affiliated genes). It is worth noting that Nrf2 binding
sites detected in ChIP-seq experiments often vary
considerably from cell type to cell type andmay also
depend on the nature of the Nrf2 activating agent
used, supporting previous observations that certain
genes are targets of Nrf2 only in specific cell types
or under specific activation conditions [109]. Impor-
tantly, many of these Nrf2 binding sites remain to be
validated by conventional ChIP followed by real-
time PCR. Most importantly, the degree to which
gene expression is changed as a result of Nrf2 bind-
ing, and the biological significance of this remains to
be shown for most potential ECM targets identified
in ChIP-seq experiments. Still, these data point to
a potentially underappreciated role for matrisome
gene transcription by Nrf2 in multiple cell types.
In our recent work, Nrf2-mediated control of the

matrisome has been investigated in greater detail,
and multiple direct matrisome gene targets have
now been confirmed [110]. This has been done
using transgenic mice that express a constitutively
active form of Nrf2 (caNrf2) in mesenchymal cells,
including skin fibroblasts [110]. The caNrf2 trans-
gene codes for a mutant form of Nrf2 that lacks
the Keap1 binding domain, resulting in its constitu-
tive activation and transcription of target genes
[111,112]. Importantly, the level of activation is
comparable to the level achieved upon treatment
of wild-type fibroblasts with Nrf2-activating com-
pounds. Transcriptomic profiling of skin fibroblasts
expressing caNrf2 showed substantial differences
in the expression of matrisome genes when com-
pared to control cells [110]. Nrf2 activation in these
fibroblasts led to a significant reduction in the
expression of genes coding for the major skin colla-
gens (Col1a2, Col3a1) and an upregulation of
genes coding mainly for glycoproteins and other
ECM-affiliated proteins [110]. Mice with caNrf2 in
fibroblasts also had less collagen in the skin
in vivo, and reduced collagen deposition following
wound healing, pointing to a potential role for Nrf2
signaling in the prevention of post-wound scarring
[110].
To investigate the effect of caNrf2 on fibroblast-

derived ECM at the protein level, proteomic
analysis of ECM deposited by fibroblasts with

http://chip-atlas.org/
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caNrf2 was performed [110]. Similar to the differen-
tial gene expression in these cells, there was a
marked difference in the type of ECM deposited.
Importantly, the major ECM proteins in the skin, col-
lagen I and collagen III were both reduced at the
protein level as well [110]. Similar to the gene
expression profile, among the upregulated ECM
proteins were a number of glycoproteins and
ECM-affiliated proteins. It is noteworthy that,
despite numerous similarities between the RNA
and protein data, a number of differentially regu-
lated ECM genes did not show differences at the
protein level (and vice versa), suggesting post-
transcriptional and post-translational regulatory
mechanisms are involved in their synthesis and ulti-
mate incorporation into the ECM [110].
Bioinformatics analysis revealed that several of

the matrisome genes regulated by caNrf2 in
fibroblasts contain ARE sequences in their
promoter or enhancer regions, and therefore, are
potential direct Nrf2 targets [110]. ChIP followed
by real-time PCR showed that Nrf2 indeed bound
to AREs in the regulatory region of multiple genes
that are overexpressed in caNrf2 fibroblasts [110].
These included the genes encoding the heparan
sulfate proteoglycan glypican-1 (Gpc1), the glyco-
protein angiopoietin-like protein 2 (Angptl2) and
the ECM-affiliated protein plasminogen activator
inhibitor-1 (PAI-1, Serpine1). Of these, PAI-1 was
particularly interesting, since it has important func-
tions that impact the ECM including during fibrosis,
and is also a key regulator of fibroblast senescence
[113,114]. Indeed, caNrf2 fibroblasts or wild-type
fibroblasts treated with Nrf2 activating compounds,
despite displaying reduced intracellular ROS and
reduced evidence of DNA damage, undergo senes-
cence much earlier than control fibroblasts in cul-
ture, or during wounding in vivo [110]. caNrf2
ECM, featuring increased PAI-1, was sufficient to
accelerate the onset of senescence in wild-type
fibroblasts compared to these same cells grown
on ECM from control fibroblasts, an effect that
was abolished using a PAI-1 inhibitor [110]. These
data demonstrate the impact Nrf2 activation can
have on the production and deposition of ECM, as
well as the impact of the ECM in controlling impor-
tant cell behaviors such as senescence. Interest-
ingly, PAI-1 was previously shown to regulate
ECM in the airways in a mouse model of asthma
by controlling MMP-9 expression and collagen
deposition, suggesting Nrf2-mediated regulation of
PAI-1 may provide additional feedback signaling
on ECM synthesis and/or remodeling by MMPs
[115].
ECM-mediated control of senescence in

fibroblasts was shown to have important
consequences in vivo [110]. During wound healing,
mice with caNrf2 in fibroblasts not only showed
reduced fibroblast proliferation and elevated fibrob-
last senescence in the granulation tissue, but also
increased keratinocyte proliferation, resulting in sig-
nificantly faster wound re-epithelialization and clo-
sure [110]. This is likely a result of senescent
5

fibroblasts producing a senescence-associated
secretome, which was also capable of increasing
keratinocyte proliferation in vitro [110,116]. The
senescence-associated secretome, however, was
also detrimental in the context of cancer [110].
Indeed, caNrf2 fibroblasts and their associated
secretome resembled that of cancer associated
fibroblasts (CAFs), and promoted tumor growth in
a xenograft model of cutaneous squamous cell car-
cinoma [110]. As mentioned above, altered ECM
regulation by Nrf2 also resulted in reduced collagen
deposition and therefore reduced scarring in caNrf2
mouse wounds [110]. Taken together, the impact of
Nrf2 on the ECM is clear and Nrf2-mediated regula-
tion of ECM components may therefore have multi-
ple pathophysiological consequences (Fig. 2).
It is intriguing to speculate that the effect of Nrf2

on the matrisome contributes to its cytoprotective
activity. Indeed, ECM components can in some
cases provide cytoprotective effects, including the
induction of Nrf2 signaling [117–119]. Cellular
senescence has long been thought of as a protec-
tive mechanism of sorts, eliminating the ability of a
cell to further proliferate as a way of preventing
malignant transformation and cancer progression
[120]. By contrast, senescence of cells in the tumor
stroma is frequently observed to have tumor pro-
moting effects and is a common feature of CAFs
[110,121–124]. In the wound environment, how-
ever, limited induction of fibroblast senescence is
beneficial, since this resulted in the production of
growth factors that promote keratinocyte prolifera-
tion [110,125]. Some of the factors, which are
released by caNrf2 fibroblasts (e.g. fibroblast
growth factor 7) also protect keratinocytes from
the harmful effects of ROS [126]. The influence of
the ECM on senescence is significant, and has
been documented in multiple reports. For example,
in addition to senescence being regulated by the
caNrf2 matrisome [110], ECM from old fibroblasts
can promote senescence in young fibroblasts, while
the reverse also holds true, with ECM from young
cells preventing senescence in old fibroblasts
[127]. The matricellular protein CCN1 was shown
to contribute to reduced ECM deposition by induc-
ing senescence in fibroblasts during wound healing
[128]. Interestingly, the relationship between Nrf2
and cellular senescence has traditionally been an
inverse one, where reduced Nrf2 activity, and the
accompanied elevation in ROS, correlates with
increased senescence [129,130]. Observations to
the contrary [110] should lead to a rethinking of
how Nrf2 contributes to senescence and cellular
responses more broadly. It is possible that sus-
tained, constitutive activation of Nrf2 has evolved
as a signal of unresolved stress, triggering
responses (such as deposition of PAI-1) as a way
of inducing the senescence response. Undoubt-
edly, like much related to Nrf2 signaling, the effect
of Nrf2 on senescence likely depends on a number
of factors such as the level and/or duration of activa-
tion, cell type involved as well as co-factors and
other contextual considerations, all of which will



Fig. 2. Potential consequences of Nrf2-mediated ECM alterations. Activation of Nrf2 in fibroblasts results in
numerous changes in the production and deposition of ECM. The modified ECM typically features reduced collagen
and increased levels of certain glycoproteins and other ECM-affiliated proteins such as PAI-1. Nrf2-mediated
regulation of ECM can take place by directly targeting specific ECM genes, or indirectly by modulating ROS levels and
ROS-dependent signaling pathways (e.g. TGF-b signaling) which can influence myofibroblast differentiation and ECM
synthesis. This Nrf2-ECM can impact interacting cells and associated tissues, which may result in the development of
a CAF phenotype and/or fibroblast senescence via PAI-1. Together, this may accelerate epithelial cell proliferation,
aiding tissue repair and reducing scarring, but may also contribute to increased tumor growth. Abbreviations: PAI-1
(plasminogen activator inhibitor-1): Gcp1 (glypican-1); Angptl2 (angiopoietin-like protein 2).

P. Hiebert Materials Biology 10 (2021) 100057
require additional studies to properly understand
the potential role they may play.
Summary

Increasing evidence is pointing toward Nrf2 as
having a multifaceted role in the body that can
affect numerous cell and tissue processes beyond
cytoprotection [6]. The use of Nrf2 activating com-
pounds as therapeutic strategies to combat numer-
ous chronic diseases or to prevent cancer
development has been met with some success
[5], however accumulating evidence of a potentially
“dark side of Nrf2”, particularly with respect to can-
cer, should remain an important consideration
[110,131,132]. As the ECM can contribute to the
pathogenesis of almost all diseases [22], it is per-
haps not surprising that recent studies uncovered
important roles for Nrf2 in regulating the matrisome.
While Nrf2-mediated control of redox status is
6

surely a key mechanism through which Nrf2 can
facilitate such regulation, a better understanding of
what matrisome genes Nrf2 directly targets, and in
what circumstances or cell types, will be of great
interest. New discoveries into the roles of specific
components of the matrisome regulated by Nrf2,
and how they mediate these different cellular and
tissue responses, have the potential to change our
view on the role of the matrisome and its relation-
ship to cytoprotection in both health and disease.

Abbreviations

Nrf2 nuclear factor-erythroid 2-related factor 2

Keap1 kelch-like ECH-associated protein 1

ARE antioxidant response element

ROS reactive oxygen species

RNS reactive nitrogen species

ECM extracellular matrix

TGF-b transforming growth factor beta

EDA extra domain A
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Nox NAD(P)H oxidases

LAP latency-associated peptide

MMP matrix metalloproteinase

GAG glycosaminoglycan

KO knockout

ChIP chromatin immunoprecipitation

PAI-1 plasminogen activator inhibitor-1
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