
 International Journal of 

Molecular Sciences

Review

Regulation of Wound Healing by the NRF2
Transcription Factor—More Than Cytoprotection

Paul Hiebert * and Sabine Werner *

Institute for Molecular Health Sciences, Department of Biology, Swiss Federal Institute of Technology Zürich,
8093 Zurich, Switzerland
* Correspondence: paul.hiebert@biol.ethz.ch (P.H.); sabine.werner@biol.ethz.ch (S.W.)

Received: 17 July 2019; Accepted: 7 August 2019; Published: 8 August 2019
����������
�������

Abstract: The nuclear factor-erythroid 2-related factor 2 (NRF2) transcription factor plays a central
role in mediating the cellular stress response. Due to their antioxidant properties, compounds
activating NRF2 have received much attention as potential medications for disease prevention, or
even for therapy. Accumulating evidence suggests that activation of the NRF2 pathway also has a
major impact on wound healing and may be beneficial in the treatment of chronic wounds, which
remain a considerable health and economic burden. While NRF2 activation indeed shows promise,
important considerations need to be made in light of corresponding evidence that also points towards
pro-tumorigenic effects of NRF2. In this review, we discuss the evidence to date, highlighting recent
advances using gain- and loss-of-function animal models and how these data fit with observations
in humans.
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1. The Wound Healing Process

As the organ continuously exposed to the outside world, the skin is charged with many important
functions, including maintaining body temperature, hydration, and sensing the environment. Among
its most important functions is to provide a barrier to an external environment rich in pathogens
and toxins. Furthermore, it is frequently exposed to harmful ultraviolet (UV) radiation. Given the
importance of maintaining the integrity of the skin, mammals have evolved a complex and sophisticated
wound healing response, whereby damaged tissue is efficiently repaired following injury. While
the complex nature of this response contributes to its effectiveness, it also leads to challenges when
attempting to remedy pathological scenarios where wound healing goes wrong, such as in chronic,
non-healing wounds/ulcers and in hypertrophic scars and keloids [1,2].

The normal wound healing response involves a series of overlapping phases beginning with
haemostasis and the formation of a fibrin clot. Haemostasis is initiated by platelets immediately after
injury and functions critically to reduce blood loss from damaged vessels. It results in the deposition of
a provisional matrix made primarily of fibrin that provides a rapid seal of the wound. This temporary
fibrin mesh also functions as a scaffold for cells to migrate into the wound and as a reservoir of
cytokines and growth factors. The inflammatory phase follows soon after, with neutrophils being the
first immune cells to arrive at the wound site due to their abundance in circulation. They function as
an innate response to invading pathogens through their production of proteinases and reactive oxygen
species (ROS), which, however, can also damage the cells at the wound site. In addition, neutrophils
assist in the recruitment of other immune cell types, such as macrophages and lymphocytes, which
accumulate in the following days. Inflammatory cells also function critically to produce cytokines and
growth factors, which serve to attract fibroblasts, stimulate keratinocyte migration and proliferation,
and initiate the formation of new blood vessels [3,4]. This provides a ‘kick-start’ for the tissue formation
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phase of wound healing, where keratinocytes at the wound edge begin to migrate into the wound along
the injured dermis and then across the provisional wound matrix. Keratinocytes behind the migrating
tongue accelerate their proliferation rate to produce a pool of new keratinocytes that replenish those that
are lost by the wound [5]. Slightly after the onset of re-epithelialization, dermal fibroblasts at the wound
edge migrate into the wound bed, where they proliferate and produce large amounts of extracellular
matrix (ECM). A large percentage of the wound fibroblasts differentiate into myofibroblasts, which
strongly contribute to wound contraction [6]. Additional sources of wound (myo) fibroblasts are bone
marrow-derived cells and adipocyte precursors, which differentiate into (myo) fibroblasts at the wound
site [7–9]. In parallel, endothelial sprouting occurs at the wound edge, and massive angiogenesis leads
to the formation of a new vasculature in the newly forming stromal part of the wound, which is called
granulation tissue [1,2]. Once keratinocytes have fully covered and closed the wound, fibroblasts and
immune cells continue to remodel the underlying tissue, replacing the provisional matrix with one
composed primarily of collagen type I. This remodeling phase also features increased apoptosis of
immune cells, fibroblasts and endothelial cells of vessels that do not contribute to the vasculature of
the mature scar tissue. Fibroblasts that remain in the scar tissue can continue to remodel the healed
skin for up to several years. While the resulting scar lacks the full mechanical strength and elasticity of
the original skin and also all appendages, it functions effectively as a restored skin barrier that once
again offers protection to environmental dangers [1,2,10,11]. The wound healing response, therefore,
involves many carefully orchestrated events that need to provide the right signals to the right cells at
the right time. Defects in any one of these wound healing phases can have disastrous consequences
and lead to chronic, non-healing wounds followed by infection, hospitalization, or even death [12,13].
Alternatively, healing can be excessive, resulting in the formation of hypertrophic scars and keloids,
which can cause severe functional and cosmetic impairments [14,15].

The complex gene expression pattern during wound healing is controlled by various key
transcription factors, which orchestrate different processes at the wound site [16,17]. One such
transcription factor, mainly known for its cytoprotective activities, is NRF2, which will be
introduced below.

2. The Transcription Factor NRF2

Nuclear factor-erythroid 2-related factor 2 (NRF2; NFE2L2) is a member of the cap‘n‘collar
family of transcription factors, which also includes NFE2, NRF1 (NFE2L1), NRF3 (NFE2L3), BACH1,
and BACH2 [18]. NRF2 is particularly famous for its central role in regulating the transcription
of cytoprotective genes, including genes encoding various ROS-detoxifying enzymes, antioxidant
proteins, and drug transporters [18–20]. Over the last three decades, research has demonstrated the
remarkable importance of NRF2 in maintaining the cellular redox status in virtually all organs and
tissues. Under homeostatic conditions, when only low amounts of the cytoprotective target proteins are
needed, NRF2-mediated transcription is restricted to baseline levels by the NRF2 antagonist Kelch-like
ECH-associated protein 1 (KEAP1). Binding of NRF2 to KEAP1 sequesters it in the cytoplasm and leads
to its rapid proteasomal degradation. The presence of ROS and/or electrophilic compounds weakens
the NRF2-KEAP1 interaction, allowing NRF2 to become stabilized. This results in accumulation of
newly produced NRF2 in the nucleus. NRF2 acts by dimerizing with small musculoaponeurotic
fibrosarcoma (MAF) proteins and binding to specific regions of DNA called antioxidant response
elements (AREs), where it initiates the transcription of its target genes [18,21] (Figure 1). In this
way, the NRF2 antioxidant pathway serves to protect cells from dangerous levels of ROS that are
generated in response to environmental stressors (e.g., UV irradiation, pathogens, and toxins) and
during excessive inflammation. However, multiple studies identified additional NRF2 targets that are
not directly involved in the antioxidant response and many of them are expressed in a tissue-specific
and situation-dependent manner [22–25]. This is also relevant for wound healing and will be described
in detail below.



Int. J. Mol. Sci. 2019, 20, 3856 3 of 13
Int. J. Mol. Sci. 2019, 20, x FOR PEER REVIEW 3 of 13 

 

 
Figure 1. The nuclear factor-erythroid 2-related factor 2 (NRF2) signaling pathway. NRF2 strongly 
binds to its cytoplasmic inhibitor Kelch-like ECH-associated protein 1 (KEAP1) under homeostatic 
conditions and only low levels of NRF2 are present in the nucleus. In response to reactive oxygen 
species (ROS) and/or electrophiles, the NRF2-KEAP1 interaction is weakened and newly formed 
NRF2 accumulates in the nucleus. Here, NRF2 dimerizes with small musculoaponeurotic 
fibrosarcoma (MAF) proteins and binds to antioxidant response elements (AREs) in the promoters or 
enhancers of its target genes, of which many encode ROS detoxifying enzymes and other antioxidant 
proteins, thereby initiating a cytoprotective response. 

The benefits of activating the NRF2 pathway have generated intense interest in recent years, and 
NRF2 activating compounds continue to be tested for their health benefits and prevention of disease 
[26–28]. However, the cytoprotective benefits of NRF2 have been met with increased caution as 
evidence continues to accumulate suggesting a detrimental role in cancer, where NRF2-mediated 
protection of cancer cells can contribute to accelerated tumor growth and to chemo- and radio-
resistance. Examples like these point to both a good and bad side of NRF2 in health and disease 
[27,28]. 

3. Expression and Activity of NRF2 in Healing Wounds 

Wounds produce large amounts of ROS to combat invading pathogens [16], to attract immune 
cells, and to regulate different cell signaling events [29]. As such, the role of NRF2 during the wound 
healing process has been of interest to many researchers. Several lines of evidence suggest an 
important role for NRF2 during tissue repair. This includes the observation that Nrf2 gene expression 
increases early after full-thickness wounding of mice along with ROS production, followed by a 
gradual reduction as wound healing progresses [30]. Keratinocytes of the hyperproliferative 
epithelium of skin wounds were shown to strongly express Nrf2, but expression of this gene was also 
seen in cells of the granulation tissue [30]. NRF2 has also been shown to become activated after tissue 
damage and possibly synergizes with other transcription factors to promote wound repair [31]. 

A number of studies have tested NRF2-activating compounds for their impact on wound healing 
and have shown interesting results. These include purified molecules (including nitric oxide (NO) or 
NO donors), as well as bee venom, olive oil, and various plant extracts that include these compounds 
[32–38]. However, it is important to note that these chemicals often have multiple effects and modes 
of action, making the precise role of NRF2 in these studies unclear. Genetic approaches in mice using 

Figure 1. The nuclear factor-erythroid 2-related factor 2 (NRF2) signaling pathway. NRF2 strongly
binds to its cytoplasmic inhibitor Kelch-like ECH-associated protein 1 (KEAP1) under homeostatic
conditions and only low levels of NRF2 are present in the nucleus. In response to reactive oxygen
species (ROS) and/or electrophiles, the NRF2-KEAP1 interaction is weakened and newly formed NRF2
accumulates in the nucleus. Here, NRF2 dimerizes with small musculoaponeurotic fibrosarcoma
(MAF) proteins and binds to antioxidant response elements (AREs) in the promoters or enhancers of its
target genes, of which many encode ROS detoxifying enzymes and other antioxidant proteins, thereby
initiating a cytoprotective response.

The benefits of activating the NRF2 pathway have generated intense interest in recent years,
and NRF2 activating compounds continue to be tested for their health benefits and prevention of
disease [26–28]. However, the cytoprotective benefits of NRF2 have been met with increased caution
as evidence continues to accumulate suggesting a detrimental role in cancer, where NRF2-mediated
protection of cancer cells can contribute to accelerated tumor growth and to chemo- and radio-resistance.
Examples like these point to both a good and bad side of NRF2 in health and disease [27,28].

3. Expression and Activity of NRF2 in Healing Wounds

Wounds produce large amounts of ROS to combat invading pathogens [16], to attract immune cells,
and to regulate different cell signaling events [29]. As such, the role of NRF2 during the wound healing
process has been of interest to many researchers. Several lines of evidence suggest an important role
for NRF2 during tissue repair. This includes the observation that Nrf2 gene expression increases early
after full-thickness wounding of mice along with ROS production, followed by a gradual reduction as
wound healing progresses [30]. Keratinocytes of the hyperproliferative epithelium of skin wounds
were shown to strongly express Nrf2, but expression of this gene was also seen in cells of the granulation
tissue [30]. NRF2 has also been shown to become activated after tissue damage and possibly synergizes
with other transcription factors to promote wound repair [31].

A number of studies have tested NRF2-activating compounds for their impact on wound healing
and have shown interesting results. These include purified molecules (including nitric oxide (NO) or NO
donors), as well as bee venom, olive oil, and various plant extracts that include these compounds [32–38].
However, it is important to note that these chemicals often have multiple effects and modes of action,
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making the precise role of NRF2 in these studies unclear. Genetic approaches in mice using NRF2
gain- and loss-of-function models offer an alternative strategy to investigating NRF2 function during
tissue repair. Recent studies employing this strategy have added to the evidence for NRF2 as a key
player in the wound healing process, with actions extending beyond its antioxidant effects. However,
as is typical for NRF2, this evidence occasionally offers a mixed view of both the benefits and possible
detriments of activating the NRF2 pathway. In this review, we will discuss the accumulating evidence
suggesting an important role for NRF2 during cutaneous wound healing, focusing on findings from
genetic animal models, but extending to the potential use of chemical activators of the NRF2 pathway
for the promotion of wound healing in humans.

4. Consequences of NRF2 Loss-of-Function during Wound Healing

Global NRF2 knockout (KO) mice have no obvious skin phenotype under normal conditions
and were first used in wound healing studies nearly two decades ago. Surprisingly, NRF2 KO mice
healed wounds at normal rates and displayed no obvious histological differences compared to control
animals [30]. Similar rates of cell proliferation and apoptosis between NRF2 KO and wild-type control
mice were also observed in this study. Loss of NRF2 did, however, lead to a delayed induction,
but prolonged overexpression of pro-inflammatory cytokines at the wound site and persistence of
macrophages, even after closure of the wounds. Among the affected cytokines was transforming
growth factor β 1 (TGF-β1), whose delay at the beginning of wound healing may also lead to the
reduced collagen production observed in wounds of NRF2 KO mice [30].

Despite the observed differences in cytokine production, the lack of a difference in wound healing
kinetics in NRF2 KO vs. control mice may be due, at least in part, to compensatory actions of
other transcription factors (e.g., NRF1 or NRF3) [30]. To address the issue of compensation, mice
were generated that express a dominant-negative NRF2 mutant (dnNRF2) in keratinocytes [39]. The
dnNRF2 mutant lacks the KEAP1 binding domain and the transactivation domains, leading to the
nuclear accumulation of dnNRF2 that binds to AREs without facilitating transcription. In doing so,
other cap‘n‘collar transcription factors are prevented from binding to these AREs, thereby avoiding
potential compensatory effects caused by a loss of NRF2. Similar to global NRF2 KO mice, however,
keratinocyte-specific dnNRF2 mice showed no differences either in normal skin morphology or during
wound healing [39]. Furthermore, mice lacking either NRF2 in keratinocytes or NRF3 in all cells
healed normally [40,41]. This was surprising given previous findings showing NRF2 and NRF3
predominantly and highly expressed in the hyperproliferative wound epithelium [30]. However,
keratinocytes possess multiple, and partially redundant antioxidant defense pathways [40,42], and
loss of NRF2 activity may be compensated by other cytoprotective factors and pathways, allowing the
epithelium to properly regenerate.

It is likely that certain actions of NRF2 differ substantially depending on cell type, as cells located
in different organs and tissues have diverse functions, specific NRF2 targets [22,23], and are exposed
to varying degrees of environmental stressors. Skin fibroblasts for example, are located within the
dermis and are shielded from many of the environmental dangers faced by keratinocytes. In vitro, skin
fibroblasts deficient in NRF2 showed slightly increased levels of ROS, however, proliferation was similar
to control cells [43]. In line with other NRF2 loss-of-function studies, mice with fibroblast-specific
deletion of NRF2 also showed no differences in wound healing kinetics compared to control animals [43].
These mice did feature an altered immune cell content in unwounded skin, but these differences
disappeared upon wounding [43]. Similar to global NRF2 KO mice, this suggests that NRF2 may have
some influence over immune cell recruitment, however, the effect may be diluted in the context of a
healing wound, where many other immune-regulatory mechanisms are at play.

The prolonged wound inflammation in NRF2-deficient mice suggested a possible role for NRF2
in immune cells. Immune cells of the myeloid lineage have important functions during wound
healing in fighting off invading bacteria through the production of ROS and in the production of
healing-promoting factors [3]. In light of these observations, mice lacking NRF2 in myeloid cells
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were generated and subjected to full-thickness excisional wounding [44]. In wounds of wild-type
mice, macrophages, and to an even greater extent neutrophils, were shown to strongly express Nrf2
and cytoprotective NRF2 target genes (e.g., Nqo1). Nevertheless, and similar to other cell types,
myeloid-specific NRF2 KO mice showed no difference in wound healing as revealed by morphometric
analysis of histological wound sections and analysis of the wound immune cell content [44]. One caveat
to consider is that wound healing studies conducted on laboratory mice are typically performed in very
clean conditions. In situations that feature greater exposure to an abundant variety of bacterial or other
environmental challenges, it is possible that NRF2 deficiency would prove to be more detrimental.
Furthermore, the majority of these studies have focused primarily on examination of wound closure
with, to date, less attention given to the effect of NRF2 deficiency on scarring. Future work will likely
address these open questions further, however the bulk of the evidence thus far strongly suggests that,
while NRF2 may have important roles to play, its function is often redundant, making it dispensable
for wound healing in healthy mice that do not face additional challenges.

In contrast to normal wound healing, pathological wound healing represents a situation where
the normal wound healing process has failed, leading to both chronic wounds, ulcers, or hypertrophic
scars and keloids. Due to the increased challenge faced by the skin in these scenarios [1,2], it is
possible that the loss of NRF2 would have a more important impact. This hypothesis is supported by
experiments performed using a diabetic mouse model of delayed wound healing [45]. Mice injected
with streptozotocin develop type I diabetes and exhibit significantly delayed wound closure compared
to control mice. Interestingly, wound closure was delayed even further in streptozotocin-induced
diabetic NRF2 KO mice [45], suggesting that unlike normal wound healing, NRF2 may indeed have
a more crucial role in facilitating wound closure in pathological situations, such as diabetes. This
hypothesis is further supported by the finding that the NRF2 pathway is functionally insufficient in
bone marrow-derived multipotent stromal cells from diabetic mice [46]. The consequences of NRF2
loss- or gain-of-function on the wound healing process are summarized in Table 1.

Table 1. NRF2 gain- or loss-of-function phenotypes during wound healing.

Cell Type Loss-of-Function Phenotype Gain-of-Function Phenotype

Global

No change in wound closure rates [30]
Delayed induction of cytokines [30]
Prolonged wound inflammation [30]

Reduced collagen deposition [30]
Delayed diabetic wound healing [45]

Improved diabetic wound healing [45]
Increased keratinocyte proliferation [45]

Restoration of normal transforming growth factor β
1 (TGF-β1) and matrix metalloproteinase (MMP)9

levels [45]

Keratinocytes No change in wound closure rates [39]

Accelerated wound closure/re-epithelialization [47]
Increased expansion of pilosebaceous cells [47]

No change in keratinocyte proliferation within the
wound [47]

Fibroblasts
No change in wound closure rates [43]

Possible alterations in immune cell
profile [43]

Accelerated wound closure/re-epithelialization [43]
Increased onset of fibroblast

senescence/senescence-associated secretory
phenotype (SASP) [43]

Increased keratinocyte proliferation [43]

Myeloid cells No changes in wound closure rates [44] No changes in wound closure rates [44]

5. Consequences of NRF2 Activation during Wound Healing

Typically, it is in pathological scenarios where NRF2 activators continue to gain attention as
possible therapeutics due to their antioxidant properties. As shown in diabetic mice, NRF2 activity
appears to be insufficient during impaired wound healing, resulting in excessive ROS levels, which can
lead to severe tissue damage and uncontrolled inflammation. Consistent with this assumption, delayed
wound healing observed in mice that are diabetic as a consequence of a mutation in the leptin receptor
(Leprdb/db mice) and in streptozotocin-induced diabetic mice was significantly improved through the use
of NRF2 activating compounds when applied either systemically or topically [32,45]. Administration
of such compounds also led to the restoration of normal TGF-β1 and matrix metalloproteinase (MMP)9
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levels in the skin and reduced the oxidative burden [32,45]. Furthermore, NRF2 activating compounds
promoted proliferation and migration of the immortalized HaCaT keratinocyte cell line in vitro under
hyperglycaemic conditions [45]. It has also been shown that drugs used to treat diabetes can activate
the NRF2 pathway [48]. Interestingly, these same drugs have shown efficacy in promoting diabetic
wound healing, although in this instance, activation of the NRF2 pathway may not be the principle
mechanism of action [49]. Taken together, these data point to activation of the NRF2 pathway as a
promising strategy to promote wound healing under stress conditions (Figure 2).
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Figure 2. Characteristic features of chronic wounds, which may be improved by treatment with NRF2
activating compounds. NRF2 activation reduces oxidative stress, thereby enhancing production of
TGF-β1, which is important for granulation tissue formation and matrix production. Reduction of
ROS also suppresses the chronic inflammation and the excessive production of MMP9. Expansion of
pilosebaceous cells by activated NRF2 may promote re-epithelialization of the wound. Activation of
NRF2 in fibroblasts may promote senescence and associated production of a SASP, which can further
promote wound re-epithelialization. Arrows pointing to the top indicate upregulation and arrows
pointing to the bottom indicate downregulation.

As mentioned, one downside of using NRF2 activators to elucidate the role of NRF2 in vivo is
their likely multiple modes of action, which make the precise role of NRF2 difficult to determine.
Alternatively, genetic approaches in rodents have been used to study the consequences of NRF2
activation. In one study, exosomes produced by adipose-derived stem cells overexpressing NRF2 were
shown to improve the ulceration of foot wounds in diabetic rats [50]. Furthermore, closure of ear holes
was accelerated in mice with a gain of function mutation in the gene encoding rhomboid family protein
RHBDF2, and this was associated with activation of the NRF2 pathway [51]. However, the specific
contribution of NRF2 in the beneficial effect of RHBDF2 is not fully clear. To more specifically address
the effect of activated NRF2 in vivo, KEAP1 KO mice were generated [52]. As the principle NRF2
antagonist, KEAP1 deletion results in constitutive activation of NRF2 in the cell without the need for
any additional stimulus. However, global KEAP1 KO mice do not survive longer than 2 to 3 weeks,
most likely due to irregular cornification and hyperkeratosis in the esophagus, resulting in gastric
obstruction [52]. When diabetic mice were wounded and treated with KEAP1 siRNA, wound healing
was significantly improved, featuring faster wound closure, elevated granulation tissue formation, and
reduced ROS-mediated formation of 8-oxo-2’-deoxyguanosine [53,54]. Furthermore, NRF2 activation
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in bone marrow-derived multipotent stromal cells of diabetic mice through knock-down of KEAP1
restored their multipotent cell properties and promoted wound healing in diabetic mice [46].

Due to the early lethality of KEAP1 KO mice, and because KEAP1 also targets other factors in
the cell besides NRF2 [55–57], an alternative approach for achieving constitutive NRF2 activation is
cell-specific expression of a constitutively active NRF2 (caNRF2) mutant [58,59]. The caNRF2 mutant
lacks the KEAP1 binding domain and therefore remains constitutively active in the nucleus without
affecting interactions between KEAP1 and other proteins.

Mice expressing low levels of caNRF2 in keratinocytes only exhibit mild hyperkeratosis in the
tail skin, but they are protected from UVB-induced cell death [58]. However, stronger expression of
caNRF2 that reflects the activation level achieved after activation of endogenous NRF2 by chemical
activators, caused obvious skin abnormalities, including mild inflammation, hyperkeratosis, sebaceous
gland hypertrophy, and defects in epidermal barrier function [60]. Interestingly, these mice showed
enhanced re-epithelialization during wound healing, leading to significantly faster wound closure [47].
While improved wound healing in these mice is in agreement with results observed in diabetic
mice treated with NRF2 activating compounds, caNRF2 expression did not lead to differences in
keratinocyte migration, and resulted in no change in keratinocyte proliferation in the wound epidermis.
Instead, caNRF2 increased proliferation of cells within hair follicles and sebaceous glands at the
wound periphery that expressed keratinocyte stem cell markers [47]. Stem cell subpopulations in the
hair follicle bulge, the junctional zone and the upper isthmus were previously shown to contribute
to wound re-epithelialization [61] and caNRF2 specifically stimulated the proliferation of cells with
markers of junctional zone and upper isthmus stem cells [47]. Therefore, the additional pool of cells
that are generated at the wound edge most likely via stem cell expansion seems to function as an
increased reservoir of cells available to migrate into and re-populate the wound. The expansion of
these stem cell populations is plausibly driven by NRF2-mediated expression of epigen in these cells.
This epidermal growth factor family member, which is encoded by a direct target gene of NRF2 [60],
has been identified as a strong promoter of hair follicle stem cell proliferation in vivo [62]. Interestingly,
faster wound closure in caNRF2-transgenic mice required a sufficient degree of NRF2 activation, as
mice expressing lower levels of the caNRF2 transgene failed to show differences in wound closure,
despite a slight elevation in the expression of NRF2 target genes [47]. These data reinforce the idea that
NRF2 activation can have benefits for wound healing and that the degree of NRF2 activation may be
important to consider when evaluating its effectiveness.

The consequences of NRF2 activation in fibroblasts have also been investigated. Fibroblasts in the
skin play critical roles during wound healing, including the release of cytokines and growth factors,
deposition of ECM, and wound contraction [2,63]. Remarkably, activating NRF2 in fibroblasts lead
to fibroblast senescence both in vitro and during wound healing in vivo [43]. This was shown to be
driven largely by the NRF2-mediated deposition of an altered matrisome featuring elevated levels
of the senescence-promoting factor plasminogen activator inhibitor-1 (PAI-1, serpine1). Accelerated
senescence was observed both in caNRF2-expressing fibroblasts and in wild-type fibroblasts treated
with the NRF2 activator tert-butyl-hydroquinone, and occurred despite reduced levels of intracellular
ROS and reduced DNA damage [43]. This is of relevance during tissue repair as senescent cells
provide important molecular cues to neighboring cells via a growth-promoting secretome referred
to as the senescence-associated secretory phenotype (SASP). Furthermore, senescent cells have been
shown to be important for normal wound healing [64]. caNRF2 fibroblasts do indeed display a SASP
and release factors capable of directly promoting keratinocyte proliferation [43]. Accordingly, mice
expressing caNRF2 in fibroblasts showed significantly faster wound closure, featuring enhanced
re-epithelialization as a result of increased keratinocyte proliferation in the wound epidermis.

Unlike keratinocytes and fibroblasts, the impact of NRF2 activation in myeloid cells on wound
healing has proven to be relatively little by comparison. Mice expressing caNRF2 in myeloid cells
showed no significant difference in wound closure rates and even failed to show increased expression
of NRF2 target genes to a significant degree [44]. A likely explanation for this is that these cells,
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particularly neutrophils, display very high levels of NRF2 expression and activation even during
homeostasis and in the circulation, thereby dwarfing any additional effect of the caNRF2 transgene.
This stands in contrast to NRF2 activation in myeloid cells in other organs, where genetic deletion
of KEAP1 resulted in protective effects in mouse models of sepsis and ischemia/reperfusion injury
in the liver [65,66]. Nevertheless, activation of NRF2 in the wound tissue seems to predominantly
affect non-immune cells. Taken together, the bulk of the evidence supports activation of NRF2 as a
promising strategy to promote wound repair, particularly in situations where healing is negatively
affected by enhanced ROS levels (Figure 2).

6. Cancer and the Dark Side of NRF2

For many years, researchers have observed important parallels between the wound healing
process and cancer [67]. This is also evident when considering the potential benefits of NRF2 on wound
healing, actions which may prove unwelcome during tumorigenesis [27,68]. This stands to reason
given that activating cellular defense pathways tend to promote cell survival, which is undesirable in
tumor cells and in conflict with the actions of chemotherapeutic drugs and with radiotherapy [68].
In humans, multiple lines of evidence support both pro- and anti-tumorigenic roles for NRF2 including
during skin cancer development and progression [69], a phenomenon that can also be observed in
gain- and loss-of-function animal models. For example, hyperactivation of NRF2 as a result of KEAP1
loss-of-function protected from UV-induced skin carcinogenesis [70,71], while mice expressing low
levels of caNRF2 in keratinocytes showed increased tumor incidence and multiplicity in a genetic
model of Human Papilloma Virus 8-induced skin cancer, resulting primarily from increased survival
of keratinocytes during the early stages of the transformation process [72]. In contrast, these same
mice expressing caNRF2 in keratinocytes showed mildly reduced tumor incidence and multiplicity in
a chemically-induced model of skin cancer, where NRF2-mediated detoxification of the mutagen and
of ROS induced during the treatment overruled the pro-tumorigenic activity of NRF2 [72]. A beneficial
aspect of a basal activity of NRF2 in cancer development is supported by experiments performed in mice
with NRF2 loss-of-function in keratinocytes. Here, the same chemically-induced skin carcinogenesis
protocol lead to significantly greater tumor multiplicity in mice lacking a functional NRF2, suggesting
an important role for NRF2 in cancer prevention [39,73]. This speaks to the importance of context,
as NRF2 activation in healthy cells will indeed lead to reduced cellular stress, preventing DNA
damage and cancer-causing mutations, an action that becomes detrimental, however, once malignant
transformation has occurred and once NRF2 becomes hyperactivated. Separate from its classical role
in detoxification of ROS, NRF2 can also influence PI3K signaling, and has been shown to activate
transcription of the gene coding for mechanistic Target of Rapamycin (mTOR), a common promoter of
tumor growth [74]. Interestingly, mTOR signaling may also have important implications for wound
healing [75–77], however the role of NRF2-mediated mTOR activation in this context remains to
be determined.

The pro-tumorigenic actions of NRF2 can also be extended beyond the cancer cells. Mice
expressing caNRF2 in fibroblasts have been shown to express a cancer-associated fibroblast (CAF) gene
expression signature, capable of promoting tumor growth in vivo in a xenograft model of squamous
cell carcinoma (SCC) [43]. Here, SCC cells were co-injected with caNRF2-expressing fibroblasts into
the skin of immunocompromised mice. The activated NRF2 induced a CAF phenotype in these cells
and led to the SCC cells forming significantly larger tumors compared to those co-injected with control
fibroblasts [43]. This suggests that in addition to promoting cancer cell survival, NRF2 activation in
other cell types (e.g., CAFs or others) may have additional impacts on cancer development, and that
NRF2 activation can have multiple consequences beyond cytoprotection.

7. Summary and Future Perspectives

The last three decades have seen an explosion of interest in NRF2 and its antioxidant role,
cementing its importance in maintaining the cellular redox status. During this time, many researchers
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have investigated the use of NRF2 activating compounds as a means of cancer prevention and for
preventing, or even treating, chronic inflammatory and degenerative diseases [26–28]. However,
the antioxidant activity also results in survival of cancer cells under stress conditions and, together
with NRF2’s important function in drug detoxification, makes them chemo- and radioresistant [27].
Furthermore, recent advances using genetic animal models have uncovered additional and unexpected
consequences of NRF2 activation beyond cytoprotection. In the skin, this included promotion of
keratinocyte stem cell proliferation and of fibroblast senescence, impairment of epidermal barrier
function, induction of sebaceous gland hyperplasia, and deposition of an abnormal ECM [43,47].
Interestingly, most of these activities are controlled by cell type-specific NRF2 target genes that are not
conventional NRF2 targets under homeostatic conditions.

In addition to the promising effects on wound healing observed in mice, many of these findings
may be translated to humans (Figure 2). NRF2 and its target genes were shown to be activated in the
hyperthickened epidermis of human diabetic ulcers, likely as a consequence of elevated ROS levels
and reflective of the severe oxidative stress that occurs in these wounds [45]. This may well protect
keratinocytes from oxidative stress to a certain extent and this protection may be further promoted by
application of NRF2 activating compounds. Indeed, and as mentioned above, human keratinocytes
(HaCaT cell line) are stimulated to proliferate when treated with NRF2 activators under hyperglycaemic
conditions, similar to observations in diabetic mice treated with these same compounds [45]. In the
future it will be important to determine if NRF2 is also activated in fibroblasts of chronic human
wounds, which could contribute to the fibroblast senescence that is frequently seen in skin ulcers [78].
Indeed, human fibroblasts treated with NRF2 activating compounds, or with CRISPR/Cas-mediated
deletion of KEAP1, also undergo senescence at an accelerated rate compared to untreated cells [43].
However, it remains to be determined if these cells are still able to produce a healing promoting SASP
in chronic wounds/ulcers as seen in acute mouse wounds [43]. For other effects of NRF2 activation in
mouse wounds, such as expansion of stem cells within hair follicles [47], the impact on human wounds
is unclear, as human skin typically contains far fewer hair follicles than mouse skin. As such, these
effects may be more relevant to specific areas of the skin with a higher hair follicle density.

Together, these findings demonstrate the multifaceted actions of NRF2 during tissue repair, and
have helped uncover important mechanisms that may benefit humans suffering from chronic wounds.
However, it is also evident from multiple studies that pro-tumorigenic actions and other potentially
detrimental activities should remain an important consideration prior to employing NRF2 activating
compounds to wounds in the clinic. Therefore, application of such compounds should be limited to
short treatment periods and restricted to patients in which malignancy at the wound site is excluded.
Future work aimed at unravelling beneficial vs. deleterious actions of NRF2 and identification of the
relevant target genes and their regulation will be of particular importance. A better understanding of
these matters will potentially lead to the development of more potent and safer NRF2 activators that
may reliably be used to promote wound healing in patients.

Funding: Research on NRF2 in our laboratory was/is supported by grants from the Swiss National Science
Foundation (grant 31003A_169204 to S.W.), the Wilhelm-Sander Stiftung (grant No. 2-70941-18 to S.W.) and a
Banting postdoctoral fellowship (to P.H.).

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Gurtner, G.C.; Werner, S.; Barrandon, Y.; Longaker, M.T. Wound repair and regeneration. Nature 2008, 453,
314–321. [CrossRef] [PubMed]

2. Eming, S.A.; Martin, P.; Tomic-Canic, M. Wound repair and regeneration: Mechanisms, signaling, and
translation. Sci. Transl. Med. 2014, 6, 265–266. [CrossRef] [PubMed]

3. Martin, P.; Leibovich, S.J. Inflammatory cells during wound repair: The good, the bad and the ugly. Trends
Cell Biol. 2005, 15, 599–607. [CrossRef] [PubMed]

http://dx.doi.org/10.1038/nature07039
http://www.ncbi.nlm.nih.gov/pubmed/18480812
http://dx.doi.org/10.1126/scitranslmed.3009337
http://www.ncbi.nlm.nih.gov/pubmed/25473038
http://dx.doi.org/10.1016/j.tcb.2005.09.002
http://www.ncbi.nlm.nih.gov/pubmed/16202600


Int. J. Mol. Sci. 2019, 20, 3856 10 of 13

4. Eming, S.A.; Krieg, T.; Davidson, J.M. Inflammation in wound repair: Molecular and cellular mechanisms. J.
Investig. Dermatol. 2007, 127, 514–525. [CrossRef] [PubMed]

5. Park, S.; Gonzalez, D.G.; Guirao, B.; Boucher, J.D.; Cockburn, K.; Marsh, E.D.; Mesa, K.R.; Brown, S.;
Rompolas, P.; Haberman, A.M.; et al. Tissue-scale coordination of cellular behaviour promotes epidermal
wound repair in live mice. Nat. Cell Biol. 2017, 19, 155–163. [CrossRef] [PubMed]

6. Hinz, B. The role of myofibroblasts in wound healing. Curr. Res. Transl. Med. 2016, 64, 171–177. [CrossRef]
7. Opalenik, S.R.; Davidson, J.M. Fibroblast differentiation of bone marrow-derived cells during wound repair.

FASEB J. 2005, 19, 1561–1563. [CrossRef]
8. Guerrero-Juarez, C.F.; Dedhia, P.H.; Jin, S.; Ruiz-Vega, R.; Ma, D.; Liu, Y.; Yamaga, K.; Shestova, O.; Gay, D.L.;

Yang, Z.; et al. Single-cell analysis reveals fibroblast heterogeneity and myeloid-derived adipocyte progenitors
in murine skin wounds. Nat. Commun. 2019, 10, 650. [CrossRef]

9. Shook, B.A.; Wasko, R.R.; Rivera-Gonzalez, G.C.; Salazar-Gatzimas, E.; Lopez-Giraldez, F.; Dash, B.C.;
Munoz-Rojas, A.R.; Aultman, K.D.; Zwick, R.K.; Lei, V.; et al. Myofibroblast proliferation and heterogeneity
are supported by macrophages during skin repair. Science 2018, 362. [CrossRef]

10. Martin, P. Wound healing–aiming for perfect skin regeneration. Science 1997, 276, 75–81. [CrossRef]
11. Grose, R.; Werner, S. Wound healing studies in transgenic and knockout mice. A review. Methods Mol. Med.

2003, 78, 191–216. [CrossRef]
12. Sen, C.K.; Gordillo, G.M.; Roy, S.; Kirsner, R.; Lambert, L.; Hunt, T.K.; Gottrup, F.; Gurtner, G.C.; Longaker, M.T.

Human skin wounds: A major and snowballing threat to public health and the economy. Wound Repair
Regen. 2009, 17, 763–771. [CrossRef]

13. Darwin, E.; Tomic-Canic, M. Healing Chronic Wounds: Current Challenges and Potential Solutions. Curr.
Dermatol. Rep. 2018, 7, 296–302. [CrossRef]

14. Berman, B.; Maderal, A.; Raphael, B. Keloids and Hypertrophic Scars: Pathophysiology, Classification, and
Treatment. Dermatol. Surg. 2017, 43 (Suppl. 1), S3–S18. [CrossRef]

15. Trace, A.P.; Enos, C.W.; Mantel, A.; Harvey, V.M. Keloids and Hypertrophic Scars: A Spectrum of Clinical
Challenges. Am. J. Clin. Dermatol. 2016, 17, 201–223. [CrossRef]

16. Schafer, M.; Werner, S. Oxidative stress in normal and impaired wound repair. Pharmacol. Res. 2008, 58,
165–171. [CrossRef]

17. Haertel, E.; Werner, S.; Schafer, M. Transcriptional regulation of wound inflammation. Semin. Immunol. 2014,
26, 321–328. [CrossRef]

18. Sykiotis, G.P.; Bohmann, D. Stress-activated cap’n’collar transcription factors in aging and human disease.
Sci. Signal. 2010, 3, re3. [CrossRef]

19. Kansanen, E.; Kuosmanen, S.M.; Leinonen, H.; Levonen, A.L. The Keap1-Nrf2 pathway: Mechanisms of
activation and dysregulation in cancer. Redox. Biol. 2013, 1, 45–49. [CrossRef]

20. Taguchi, K.; Motohashi, H.; Yamamoto, M. Molecular mechanisms of the Keap1-Nrf2 pathway in stress
response and cancer evolution. Genes Cells 2011, 16, 123–140. [CrossRef]

21. Suzuki, T.; Yamamoto, M. Stress-sensing mechanisms and the physiological roles of the Keap1-Nrf2 system
during cellular stress. J. Biol. Chem. 2017. [CrossRef]

22. Malhotra, D.; Portales-Casamar, E.; Singh, A.; Srivastava, S.; Arenillas, D.; Happel, C.; Shyr, C.;
Wakabayashi, N.; Kensler, T.W.; Wasserman, W.W.; et al. Global mapping of binding sites for Nrf2
identifies novel targets in cell survival response through ChIP-Seq profiling and network analysis. Nucleic
Acids Res. 2010, 38, 5718–5734. [CrossRef]

23. Chorley, B.N.; Campbell, M.R.; Wang, X.; Karaca, M.; Sambandan, D.; Bangura, F.; Xue, P.; Pi, J.;
Kleeberger, S.R.; Bell, D.A. Identification of novel NRF2-regulated genes by ChIP-Seq: Influence on
retinoid X receptor alpha. Nucleic Acids Res. 2012, 40, 7416–7429. [CrossRef]

24. Nault, R.; Doskey, C.M.; Fader, K.A.; Rockwell, C.E.; Zacharewski, T. Comparison of Hepatic NRF2 and
Aryl Hydrocarbon Receptor Binding in 2,3,7,8-Tetrachlorodibenzo-p-dioxin-Treated Mice Demonstrates
NRF2-Independent PKM2 Induction. Mol. Pharmacol. 2018, 94, 876–884. [CrossRef]

25. Kobayashi, E.H.; Suzuki, T.; Funayama, R.; Nagashima, T.; Hayashi, M.; Sekine, H.; Tanaka, N.; Moriguchi, T.;
Motohashi, H.; Nakayama, K.; et al. Nrf2 suppresses macrophage inflammatory response by blocking
proinflammatory cytokine transcription. Nat. Commun. 2016, 7, 11624. [CrossRef]

26. Liby, K.T.; Sporn, M.B. Synthetic oleanane triterpenoids: Multifunctional drugs with a broad range of
applications for prevention and treatment of chronic disease. Pharmacol. Rev. 2012, 64, 972–1003. [CrossRef]

http://dx.doi.org/10.1038/sj.jid.5700701
http://www.ncbi.nlm.nih.gov/pubmed/17299434
http://dx.doi.org/10.1038/ncb3472
http://www.ncbi.nlm.nih.gov/pubmed/28248302
http://dx.doi.org/10.1016/j.retram.2016.09.003
http://dx.doi.org/10.1096/fj.04-2978fje
http://dx.doi.org/10.1038/s41467-018-08247-x
http://dx.doi.org/10.1126/science.aar2971
http://dx.doi.org/10.1126/science.276.5309.75
http://dx.doi.org/10.1385/1-59259-332-1:191
http://dx.doi.org/10.1111/j.1524-475X.2009.00543.x
http://dx.doi.org/10.1007/s13671-018-0239-4
http://dx.doi.org/10.1097/DSS.0000000000000819
http://dx.doi.org/10.1007/s40257-016-0175-7
http://dx.doi.org/10.1016/j.phrs.2008.06.004
http://dx.doi.org/10.1016/j.smim.2014.01.005
http://dx.doi.org/10.1126/scisignal.3112re3
http://dx.doi.org/10.1016/j.redox.2012.10.001
http://dx.doi.org/10.1111/j.1365-2443.2010.01473.x
http://dx.doi.org/10.1074/jbc.R117.800169
http://dx.doi.org/10.1093/nar/gkq212
http://dx.doi.org/10.1093/nar/gks409
http://dx.doi.org/10.1124/mol.118.112144
http://dx.doi.org/10.1038/ncomms11624
http://dx.doi.org/10.1124/pr.111.004846


Int. J. Mol. Sci. 2019, 20, 3856 11 of 13

27. Sporn, M.B.; Liby, K.T. NRF2 and cancer: The good, the bad and the importance of context. Nat. Rev. Cancer
2012, 12, 564–571. [CrossRef]

28. Cuadrado, A.; Rojo, A.I.; Wells, G.; Hayes, J.D.; Cousin, S.P.; Rumsey, W.L.; Attucks, O.C.; Franklin, S.;
Levonen, A.L.; Kensler, T.W.; et al. Therapeutic targeting of the NRF2 and KEAP1 partnership in chronic
diseases. Nat. Rev. Drug Discov. 2019, 18, 295–317. [CrossRef]

29. Niethammer, P. Wound redox gradients revisited. Semin. Cell Dev. Biol. 2018, 80, 13–16. [CrossRef]
30. Braun, S.; Hanselmann, C.; Gassmann, M.G.; auf dem Keller, U.; Born-Berclaz, C.; Chan, K.; Kan, Y.W.;

Werner, S. Nrf2 Transcription Factor, a Novel Target of Keratinocyte Growth Factor Action Which Regulates
Gene Expression and Inflammation in the Healing Skin Wound. Mol. Cell. Biol. 2002, 22, 5492–5505.
[CrossRef]

31. Eichenfield, D.Z.; Troutman, T.D.; Link, V.M.; Lam, M.T.; Cho, H.; Gosselin, D.; Spann, N.J.; Lesch, H.P.;
Tao, J.; Muto, J.; et al. Tissue damage drives co-localization of NF-kappaB, Smad3, and Nrf2 to direct Rev-erb
sensitive wound repair in mouse macrophages. Elife 2016, 5. [CrossRef]

32. Rabbani, P.S.; Ellison, T.; Waqas, B.; Sultan, D.; Abdou, S.; David, J.A.; Cohen, J.M.; Gomez-Viso, A.; Lam, G.;
Kim, C.; et al. Targeted Nrf2 activation therapy with RTA 408 enhances regenerative capacity of diabetic
wounds. Diabetes Res. Clin. Pract. 2018, 139, 11–23. [CrossRef]

33. Hozzein, W.N.; Badr, G.; Badr, B.M.; Allam, A.; Ghamdi, A.A.; Al-Wadaan, M.A.; Al-Waili, N.S. Bee venom
improves diabetic wound healing by protecting functional macrophages from apoptosis and enhancing Nrf2,
Ang-1 and Tie-2 signaling. Mol. Immunol. 2018, 103, 322–335. [CrossRef]

34. Schanuel, F.S.; Saguie, B.O.; Monte-Alto-Costa, A. Olive oil promotes wound healing of mice pressure injuries
through NOS-2 and Nrf2. Appl. Physiol. Nutr. Metab. 2019. [CrossRef]

35. Weller, R.; Finnen, M.J. The effects of topical treatment with acidified nitrite on wound healing in normal and
diabetic mice. Nitric Oxide 2006, 15, 395–399. [CrossRef]

36. Masters, K.S.; Leibovich, S.J.; Belem, P.; West, J.L.; Poole-Warren, L.A. Effects of nitric oxide releasing poly
(vinyl alcohol) hydrogel dressings on dermal wound healing in diabetic mice. Wound Repair Regen. 2002, 10,
286–294. [CrossRef]

37. Edmonds, M.E.; Bodansky, H.J.; Boulton, A.J.M.; Chadwick, P.J.; Dang, C.N.; D’Costa, R.; Johnston, A.;
Kennon, B.; Leese, G.; Rajbhandari, S.M.; et al. Multicenter, randomized controlled, observer-blinded study
of a nitric oxide generating treatment in foot ulcers of patients with diabetes-ProNOx1 study. Wound Repair
Regen. 2018, 26, 228–237. [CrossRef]

38. Senger, D.R.; Cao, S. Diabetic Wound Healing and Activation of Nrf2 by Herbal Medicine. J. Nat. Sci. 2016,
2, e247.

39. Auf dem Keller, U.; Huber, M.; Beyer, T.A.; Kumin, A.; Siemes, C.; Braun, S.; Bugnon, P.; Mitropoulos, V.;
Johnson, D.A.; Johnson, J.A.; et al. Nrf transcription factors in keratinocytes are essential for skin tumor
prevention but not for wound healing. Mol. Cell. Biol. 2006, 26, 3773–3784. [CrossRef]

40. Telorack, M.; Meyer, M.; Ingold, I.; Conrad, M.; Bloch, W.; Werner, S.A. Glutathione-Nrf2-Thioredoxin
Cross-Talk Ensures Keratinocyte Survival and Efficient Wound Repair. PLoS Genet. 2016, 12, e1005800.
[CrossRef]

41. Siegenthaler, B.; Defila, C.; Muzumdar, S.; Beer, H.D.; Meyer, M.; Tanner, S.; Bloch, W.; Blank, V.; Schafer, M.;
Werner, S. Nrf3 promotes UV-induced keratinocyte apoptosis through suppression of cell adhesion. Cell
Death Differ. 2018, 25, 1749–1765. [CrossRef]

42. Steiling, H.; Munz, B.; Werner, S.; Brauchle, M. Different types of ROS-scavenging enzymes are expressed
during cutaneous wound repair. Exp. Cell Res. 1999, 247, 484–494. [CrossRef]

43. Hiebert, P.; Wietecha, M.S.; Cangkrama, M.; Haertel, E.; Mavrogonatou, E.; Stumpe, M.; Steenbock, H.;
Grossi, S.; Beer, H.D.; Angel, P.; et al. Nrf2-Mediated Fibroblast Reprogramming Drives Cellular Senescence
by Targeting the Matrisome. Dev. Cell 2018, 46, 145–161. [CrossRef]

44. Joshi, N.; Werner, S. Nrf2 is highly expressed in neutrophils, but myeloid cell-derived Nrf2 is dispensable for
wound healing in mice. PLoS ONE 2017, 12, e0187162. [CrossRef]

45. Long, M.; Rojo de la Vega, M.; Wen, Q.; Bharara, M.; Jiang, T.; Zhang, R.; Zhou, S.; Wong, P.K.; Wondrak, G.T.;
Zheng, H.; et al. An Essential Role of NRF2 in Diabetic Wound Healing. Diabetes 2016, 65, 780–793. [CrossRef]

46. Rabbani, P.S.; Soares, M.A.; Hameedi, S.G.; Kadle, R.L.; Mubasher, A.; Kowzun, M.; Ceradini, D.J.
Dysregulation of Nrf2/Keap1 Redox Pathway in Diabetes Affects Multipotency of Stromal Cells. Diabetes
2019, 68, 141–155. [CrossRef]

http://dx.doi.org/10.1038/nrc3278
http://dx.doi.org/10.1038/s41573-018-0008-x
http://dx.doi.org/10.1016/j.semcdb.2017.07.038
http://dx.doi.org/10.1128/MCB.22.15.5492-5505.2002
http://dx.doi.org/10.7554/eLife.13024
http://dx.doi.org/10.1016/j.diabres.2018.02.021
http://dx.doi.org/10.1016/j.molimm.2018.10.016
http://dx.doi.org/10.1139/apnm-2018-0845
http://dx.doi.org/10.1016/j.niox.2006.04.002
http://dx.doi.org/10.1046/j.1524-475X.2002.10503.x
http://dx.doi.org/10.1111/wrr.12630
http://dx.doi.org/10.1128/MCB.26.10.3773-3784.2006
http://dx.doi.org/10.1371/journal.pgen.1005800
http://dx.doi.org/10.1038/s41418-018-0074-y
http://dx.doi.org/10.1006/excr.1998.4366
http://dx.doi.org/10.1016/j.devcel.2018.06.012
http://dx.doi.org/10.1371/journal.pone.0187162
http://dx.doi.org/10.2337/db15-0564
http://dx.doi.org/10.2337/db18-0232


Int. J. Mol. Sci. 2019, 20, 3856 12 of 13

47. Muzumdar, S.; Hiebert, H.; Haertel, E.; Ben-Yehuda Greenwald, M.; Bloch, W.; Werner, S.; Schafer, M.
Nrf2-Mediated Expansion of Pilosebaceous Cells Accelerates Cutaneous Wound Healing. Am. J. Pathol. 2019,
189, 568–579. [CrossRef]

48. Wang, H.; Liu, X.; Long, M.; Huang, Y.; Zhang, L.; Zhang, R.; Zheng, Y.; Liao, X.; Wang, Y.; Liao, Q.; et al.
NRF2 activation by antioxidant antidiabetic agents accelerates tumor metastasis. Sci. Transl. Med. 2016, 8,
334ra351. [CrossRef]

49. Long, M.; Cai, L.; Li, W.; Zhang, L.; Guo, S.; Zhang, R.; Zheng, Y.; Liu, X.; Wang, M.; Zhou, X.; et al. DPP-4
Inhibitors Improve Diabetic Wound Healing via Direct and Indirect Promotion of Epithelial-Mesenchymal
Transition and Reduction of Scarring. Diabetes 2018, 67, 518–531. [CrossRef]

50. Li, X.; Xie, X.; Lian, W.; Shi, R.; Han, S.; Zhang, H.; Lu, L.; Li, M. Exosomes from adipose-derived stem cells
overexpressing Nrf2 accelerate cutaneous wound healing by promoting vascularization in a diabetic foot
ulcer rat model. Exp. Mol. Med. 2018, 50, 29. [CrossRef]

51. Hosur, V.; Burzenski, L.M.; Stearns, T.M.; Farley, M.L.; Sundberg, J.P.; Wiles, M.V.; Shultz, L.D. Early induction
of NRF2 antioxidant pathway by RHBDF2 mediates rapid cutaneous wound healing. Exp. Mol. Pathol. 2017,
102, 337–346. [CrossRef]

52. Wakabayashi, N.; Itoh, K.; Wakabayashi, J.; Motohashi, H.; Noda, S.; Takahashi, S.; Imakado, S.; Kotsuji, T.;
Otsuka, F.; Roop, D.R.; et al. Keap1-null mutation leads to postnatal lethality due to constitutive Nrf2
activation. Nat. Genet. 2003, 35, 238–245. [CrossRef]

53. Soares, M.A.; Cohen, O.D.; Low, Y.C.; Sartor, R.A.; Ellison, T.; Anil, U.; Anzai, L.; Chang, J.B.; Saadeh, P.B.;
Rabbani, P.S.; et al. Restoration of Nrf2 Signaling Normalizes the Regenerative Niche. Diabetes 2016, 65,
633–646. [CrossRef]

54. Rabbani, P.S.; Zhou, A.; Borab, Z.M.; Frezzo, J.A.; Srivastava, N.; More, H.T.; Rifkin, W.J.; David, J.A.;
Berens, S.J.; Chen, R.; et al. Novel lipoproteoplex delivers Keap1 siRNA based gene therapy to accelerate
diabetic wound healing. Biomaterials 2017, 132, 1–15. [CrossRef]

55. Lee, D.F.; Kuo, H.P.; Liu, M.; Chou, C.K.; Xia, W.; Du, Y.; Shen, J.; Chen, C.T.; Huo, L.; Hsu, M.C.; et al.
KEAP1 E3 ligase-mediated downregulation of NF-kappaB signaling by targeting IKKbeta. Mol. Cell 2009, 36,
131–140. [CrossRef]

56. Mulvaney, K.M.; Matson, J.P.; Siesser, P.F.; Tamir, T.Y.; Goldfarb, D.; Jacobs, T.M.; Cloer, E.W.; Harrison, J.S.;
Vaziri, C.; Cook, J.G.; et al. Identification and Characterization of MCM3 as a Kelch-like ECH-associated
Protein 1 (KEAP1) Substrate. J. Biol. Chem. 2016, 291, 23719–23733. [CrossRef]

57. Orthwein, A.; Noordermeer, S.M.; Wilson, M.D.; Landry, S.; Enchev, R.I.; Sherker, A.; Munro, M.; Pinder, J.;
Salsman, J.; Dellaire, G.; et al. A mechanism for the suppression of homologous recombination in G1 cells.
Nature 2015, 528, 422–426. [CrossRef]

58. Schafer, M.; Dutsch, S.; auf dem Keller, U.; Navid, F.; Schwarz, A.; Johnson, D.A.; Johnson, J.A.; Werner, S.
Nrf2 establishes a glutathione-mediated gradient of UVB cytoprotection in the epidermis. Genes Dev. 2010,
24, 1045–1058. [CrossRef]

59. Schafer, M.; Farwanah, H.; Willrodt, A.H.; Huebner, A.J.; Sandhoff, K.; Roop, D.; Hohl, D.; Bloch, W.;
Werner, S. Nrf2 links epidermal barrier function with antioxidant defense. EMBO Mol. Med. 2012, 4, 364–379.
[CrossRef]

60. Schafer, M.; Willrodt, A.H.; Kurinna, S.; Link, A.S.; Farwanah, H.; Geusau, A.; Gruber, F.; Sorg, O.;
Huebner, A.J.; Roop, D.R.; et al. Activation of Nrf2 in keratinocytes causes chloracne (MADISH)-like skin
disease in mice. EMBO Mol. Med. 2014, 6, 442–457. [CrossRef]

61. Ito, M.; Liu, Y.; Yang, Z.; Nguyen, J.; Liang, F.; Morris, R.J.; Cotsarelis, G. Stem cells in the hair follicle
bulge contribute to wound repair but not to homeostasis of the epidermis. Nat. Med. 2005, 11, 1351–1354.
[CrossRef]

62. Dahlhoff, M.; Frances, D.; Kloepper, J.E.; Paus, R.; Schafer, M.; Niemann, C.; Schneider, M.R. Overexpression
of epigen during embryonic development induces reversible, epidermal growth factor receptor-dependent
sebaceous gland hyperplasia. Mol. Cell. Biol. 2014, 34, 3086–3095. [CrossRef]

63. Werner, S.; Grose, R. Regulation of wound healing by growth factors and cytokines. Physiol. Rev. 2003, 83,
835–870. [CrossRef]

64. Demaria, M.; Ohtani, N.; Youssef, S.A.; Rodier, F.; Toussaint, W.; Mitchell, J.R.; Laberge, R.-M.; Vijg, J.; Van
Steeg, H.; Dollé, M.E.; et al. An Essential Role for Senescent Cells in Optimal Wound Healing through
Secretion of PDGF-AA. Dev. Cell 2014, 31, 722–733. [CrossRef]

http://dx.doi.org/10.1016/j.ajpath.2018.11.017
http://dx.doi.org/10.1126/scitranslmed.aad6095
http://dx.doi.org/10.2337/db17-0934
http://dx.doi.org/10.1038/s12276-018-0058-5
http://dx.doi.org/10.1016/j.yexmp.2017.03.003
http://dx.doi.org/10.1038/ng1248
http://dx.doi.org/10.2337/db15-0453
http://dx.doi.org/10.1016/j.biomaterials.2017.04.001
http://dx.doi.org/10.1016/j.molcel.2009.07.025
http://dx.doi.org/10.1074/jbc.M116.729418
http://dx.doi.org/10.1038/nature16142
http://dx.doi.org/10.1101/gad.568810
http://dx.doi.org/10.1002/emmm.201200219
http://dx.doi.org/10.1002/emmm.201303281
http://dx.doi.org/10.1038/nm1328
http://dx.doi.org/10.1128/MCB.00302-14
http://dx.doi.org/10.1152/physrev.2003.83.3.835
http://dx.doi.org/10.1016/j.devcel.2014.11.012


Int. J. Mol. Sci. 2019, 20, 3856 13 of 13

65. Lee, L.Y.; Harberg, C.; Matkowskyj, K.A.; Cook, S.; Roenneburg, D.; Werner, S.; Johnson, D.A.; Johnson, J.A.;
Foley, D.P. Cell-specific overactivation of nuclear erythroid 2 p45-related factor 2-mediated gene expression
in myeloid cells decreases hepatic ischemia/reperfusion injury. Liver Transpl. 2016, 22, 1115–1128. [CrossRef]

66. Kong, X.; Thimmulappa, R.; Craciun, F.; Harvey, C.; Singh, A.; Kombairaju, P.; Reddy, S.P.; Remick, D.;
Biswal, S. Enhancing Nrf2 pathway by disruption of Keap1 in myeloid leukocytes protects against sepsis.
Am. J. Respir. Crit. Care Med. 2011, 184, 928–938. [CrossRef]

67. Schafer, M.; Werner, S. Cancer as an overhealing wound: An old hypothesis revisited. Nat. Rev. Mol. Cell
Biol. 2008, 9, 628–638. [CrossRef]

68. Wang, X.J.; Sun, Z.; Villeneuve, N.F.; Zhang, S.; Zhao, F.; Li, Y.; Chen, W.; Yi, X.; Zheng, W.; Wondrak, G.T.;
et al. Nrf2 enhances resistance of cancer cells to chemotherapeutic drugs, the dark side of Nrf2. Carcinogenesis
2008, 29, 1235–1243. [CrossRef]

69. Rojo de la Vega, M.; Chapman, E.; Zhang, D.D. NRF2 and the Hallmarks of Cancer. Cancer Cell 2018, 34,
21–43. [CrossRef]

70. Knatko, E.V.; Ibbotson, S.H.; Zhang, Y.; Higgins, M.; Fahey, J.W.; Talalay, P.; Dawe, R.S.; Ferguson, J.;
Huang, J.T.; Clarke, R.; et al. Nrf2 Activation Protects against Solar-Simulated Ultraviolet Radiation in Mice
and Humans. Cancer Prev. Res. 2015, 8, 475–486. [CrossRef]

71. Knatko, E.V.; Higgins, M.; Fahey, J.W.; Dinkova-Kostova, A.T. Loss of Nrf2 abrogates the protective effect of
Keap1 downregulation in a preclinical model of cutaneous squamous cell carcinoma. Sci. Rep. 2016, 6, 25804.
[CrossRef]

72. Rolfs, F.; Huber, M.; Kuehne, A.; Kramer, S.; Haertel, E.; Muzumdar, S.; Wagner, J.; Tanner, Y.; Bohm, F.;
Smola, S.; et al. Nrf2 Activation Promotes Keratinocyte Survival during Early Skin Carcinogenesis via
Metabolic Alterations. Cancer Res. 2015, 75, 4817–4829. [CrossRef]

73. Xu, C.; Huang, M.T.; Shen, G.; Yuan, X.; Lin, W.; Khor, T.O.; Conney, A.H.; Kong, A.N. Inhibition of
7,12-dimethylbenz(a)anthracene-induced skin tumorigenesis in C57BL/6 mice by sulforaphane is mediated
by nuclear factor E2-related factor 2. Cancer Res. 2006, 66, 8293–8296. [CrossRef]

74. Bendavit, G.; Aboulkassim, T.; Hilmi, K.; Shah, S.; Batist, G. Nrf2 Transcription Factor Can Directly Regulate
mTOR: Linking cytoprotective gene expression to a major metabolic regulator that generates redox activity.
J. Biol. Chem. 2016, 291, 25476–25488. [CrossRef]

75. Squarize, C.H.; Castilho, R.M.; Bugge, T.H.; Gutkind, J.S. Accelerated wound healing by mTOR activation in
genetically defined mouse models. PLoS ONE 2010, 5, e10643. [CrossRef]

76. Feldmeyer, L.; Hofbauer, G.F.; Boni, T.; French, L.E.; Hafner, J. Mammalian target of rapamycin (mTOR)
inhibitors slow skin carcinogenesis, but impair wound healing. Br. J. Dermatol. 2012, 166, 422–424. [CrossRef]

77. Huang, H.; Cui, W.; Qiu, W.; Zhu, M.; Zhao, R.; Zeng, D.; Dong, C.; Wang, X.; Guo, W.; Xing, W.; et al.
Impaired wound healing results from the dysfunction of the Akt/mTOR pathway in diabetic rats. J. Dermatol.
Sci. 2015, 79, 241–251. [CrossRef]

78. Sindrilaru, A.; Peters, T.; Wieschalka, S.; Baican, C.; Baican, A.; Peter, H.; Hainzl, A.; Schatz, S.; Qi, Y.;
Schlecht, A.; et al. An unrestrained proinflammatory M1 macrophage population induced by iron impairs
wound healing in humans and mice. J. Clin. Investig. 2011, 121, 985–997. [CrossRef]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1002/lt.24473
http://dx.doi.org/10.1164/rccm.201102-0271OC
http://dx.doi.org/10.1038/nrm2455
http://dx.doi.org/10.1093/carcin/bgn095
http://dx.doi.org/10.1016/j.ccell.2018.03.022
http://dx.doi.org/10.1158/1940-6207.CAPR-14-0362
http://dx.doi.org/10.1038/srep25804
http://dx.doi.org/10.1158/0008-5472.CAN-15-0614
http://dx.doi.org/10.1158/0008-5472.CAN-06-0300
http://dx.doi.org/10.1074/jbc.M116.760249
http://dx.doi.org/10.1371/journal.pone.0010643
http://dx.doi.org/10.1111/j.1365-2133.2011.10591.x
http://dx.doi.org/10.1016/j.jdermsci.2015.06.002
http://dx.doi.org/10.1172/JCI44490
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	The Wound Healing Process 
	The Transcription Factor NRF2 
	Expression and Activity of NRF2 in Healing Wounds 
	Consequences of NRF2 Loss-of-Function during Wound Healing 
	Consequences of NRF2 Activation during Wound Healing 
	Cancer and the Dark Side of NRF2 
	Summary and Future Perspectives 
	References

