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Nuclear factor, erythroid 2 like 2 (Nrf2), is an oxidative stress induced transcription factor that regulates cyto-
protective gene expression. Thus, Nrf2 is essential for cellular redox homeostasis. Loss or dysregulation of Nrf2
expression has been implicated in the pathogenesis of degenerative diseases, including diseases of the cornea.
One of the most common diseases of the cornea in which Nrf2 is implicated is Fuchs’ endothelial cornea dys-

trophy (FECD). FECD is the leading indication for corneal transplantation; and is associated with a loss of corneal
endothelial cell (CEC) function. In this review, we propose that Nrf2 is an essential regulator of CEC function.
Furthermore, we demonstrate that deficiency of Nrf2 function is a hallmark of FECD. In addition, we advocate
that pharmacological targeting of Nrf2 as a possible therapy for FECD.

1. Introduction

Nuclear factor, erythroid 2 like 2, or Nrf2 is a transcription factor
that regulates the expression of many genes encoding antioxidants. Nrf2
is highly conserved among aerobic species. Indeed, it has been hy-
pothesized that Nrf2 may have evolved some 2 billion years ago,
following a significant increase in levels of free oxygen in the earth’s
atmosphere, in what is called the ‘Great Oxidation Event’ [1]. However,
whilst oxygen is utilized by most tissues in the body for cellular meta-
bolism, a natural by product is the generation of reactive oxygen species
(ROS) and free radicals, which are damaging to cell membranes and can
induce DNA damage. Therefore, cells have adapted antioxidant defense
systems which enzymatically reduce free radicals, for example, catalase,
thioredoxins, peroxiredoxins and glutathione peroxidase [2].

The gene encoding Nrf2, NFE2L2 was first isolated from erythroid
cells in 1994 and, at that time, was thought to encode a basic leucine
zipper transcription factor that regulates beta-globin expression [3].

However, Nrf2 deficient mice develop normally, demonstrating that
Nrf2 is not essential for erythropoiesis [4]. Subsequently, it was
discovered that Nrf2 binds to regulatory elements, termed antioxidant
response elements (ARE) in DNA. The ability of Nrf2 to bind ARE pro-
vided the first suggestion that Nrf2 might control expression of genes
encoding antioxidants, and protect against oxidative stress [5,6]. This
was later correlated by the discoveries that Nrf2 deficient mice are
highly susceptible to oxidative stress [7,8] and that Nrf2 regulates an-
tioxidants vital for cytoprotection [9]. In addition, loss of Nrf2 function
has been attributed to several neurodegenerative diseases in humans
[10].

The cornea is metabolically active and exposed to ultraviolet (UV)
radiation as well as pollutants and it is known to be under oxidative
stress [11]. Therefore, oxidative stress has been recognised to be asso-
ciated with certain corneal diseases.

Herein, we focus on the role Nrf2 plays in regulating homeostasis in
the cornea with an emphasis on a late onset, blinding corneal disease
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known as, Fuchs endothelial corneal dystrophy (FECD). We propose that
Nrf2 is central to the phenotypic and morphological changes apparent in
FECD and that the pharmacological targeting of Nrf2 would be a valu-

able avenue for treatment of FECD.

2. Layers of the cornea

The cornea is the external tissue at the front of the eye which is
crucial for visual clarity. It is an avascular, transparent structure, which
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Fig. 1. (A) Schematic of the cornea
depicting the five main layers. The outer
epithelial cell layer is separated from
the stroma layer by a thin membrane
termed Bowman’s membrane.
Embedded in the corneal stroma layer
are keratocytes. The Descemet’s mem-
brane separates the stroma for a mono-
layer of hexagonal corneal endothelial
cells. (B). Corneal endothelial cells
(CECs) regulate corneal transparency by
maintaining the stroma in a relative
dehydrated state  (deturgescence).
Excess fluid is actively pumped out of
the stroma by metabolic pumps such as
Na'K"ATPase. However, the corneal
endothelium is not impermeable and
permits the passive diffusion of nutri-
ents into the stroma thus maintaining
proper corneal function.

provides the majority of the refractive power of the eye [12]. Cornea
degeneration, dysfunction, damage or infection are the leading cause for
corneal transplantation. Indeed, the cornea is one of the most trans-

planted tissues in the body [13]. However, globally the demand for
transplant grade corneas vastly surpass the number of available donor
corneas [13]. As an external organ, the eye is exposed to DNA damaging
wavelengths of ultraviolet (UV) radiation. A function of the cornea is to

radiation [14].

absorb and protect the internal structures of the eye from harmful UV
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Fig. 2. Clinical features of FECD include scar formation, the presence of guttae on DM, CEC loss and corneal edema. FECD is visualised and staged by (A) slit lamp
microscopy, (B) retroillumination (C) specular microscopy & (D) anterior segment optical coherence tomography (AS-OCT). The presence of guttae causes the
appearance of dark patches (* in panel C) which causes large gaps in the monolayer of CECs. (E) Schematic demonstrating how the presence of guttae disrupts the
monolayer of corneal endothelial cells resulting in loss of CEC function. Corneal endothelial dysfunction causes painful corneal swelling and ultimately loss of vision.
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A stratified, non-keratinizing epithelium forms the outermost layer
of the cornea, followed by the Bowman’s layer, which is an acellular
condensation of collagen fibrils situated between the epithelial base-
ment membrane and the underlying corneal stroma. The corneal stroma
comprises a highly ordered array of collagen fibrils, extracellular matrix
and water, embedded with stromal keratocytes, which are vital to
maintain corneal transparency and wound healing (Fig. 1A). A thin
basement membrane termed Descemet’s membrane (DM) separates the
stroma from the corneal endothelium (CE), which comprises a mono-
layer of corneal endothelial cells (CECs); (Fig. 1A). CECs are arranged in
a hexagonal-like orientation to maximize surface density, (Fig. 1A). The
CE is in direct contact with the aqueous humor and plays a vital role in
regulating hydration and clarity of the cornea. CECs express proteins
involved in active fluid transport, such as Na*K"-ATPase and SLC4A11
located in the basolateral cell membrane, which dehydrate the corneal
stroma [15]. Glucose transporters located on both basolateral and apical
aspects of CEC cell membranes ensure a constant glucose flux from the
aqueous into the corneal stroma. While the presence of tight junctions
between CECs prevents passive intercellular transit of fluids, they do not
exist in continuous bands, which thus allows for the passive ingress of
fluid from the aqueous into the corneal stroma.

A complex interplay and dynamic equilibrium between these active
and passive mechanisms driving corneal stroma hydration status is
essential to maintain corneal stroma deturgescence within a tight and
specific range, critical for achievement of corneal transparency.
(Fig. 1B). The human cornea lacks significant regenerative capacity, and
CECs gradually decline with age, especially in the early post-natal period
[16]. Modest CEC loss can be compensated for by the spreading and
stretching of CEC borders. However, once CEC loss exceeds a critical
threshold, corneal endothelial pump failure ensues, and cornea clarity is
lost [12]. The resultant cornea clouding and blindness is irreversible
without medical and/or surgical intervention (Fig. 1B). CEC loss may
also occur secondary to trauma, viral infections, iatrogenic causes, for
example, cataract surgery causing pseudophakic bullous keratopathy)
and corneal dystrophies (for example, FECD and Congenital Hereditary
Endothelial Dystrophy, CHED).
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3. Fuchs endothelial corneal dystrophy

Late onset FECD is the most common cause of CEC dysfunction. FECD
was first described over 100 years ago [17]. Clinically, FECD is char-
acterised by the progressive degeneration of CE with a visible decrease
in CEC density and abnormal CEC morphology (Fig. 2). Gradual CE
dysfunction leads to corneal edema and loss of corneal clarity. A hall-
mark of FECD pathogenesis, is the presence of excrescences of anoma-
lous extracellular matrix (ECM), termed guttae, deposited on the DM. In
early stages of FECD, guttae are localized to the central cornea, but they
can evolve to involve a much larger area extending to beyond the central
4-6 mm of the cornea. The most commonly employed clinical criteria for
grading FECD, initially proposed by Krachmer [18] in 1978, was an
anatomical grading system which placed great emphasis on the distri-
bution and density of guttae, with the presumption that corneal edema
only occurs in the most advanced stage of the disease. Clinically, FECD is
assessed through image analysis (Fig. 2A). This includes slit lamp mi-
croscopy with retroillumination [19], which assesses the stage of FECD
as well as the number and distribution of guttae. In addition, the corneal
endothelium and guttae can be directly imaged through non-invasive
specular microscopy. Anterior segment optical coherence tomography
(AS-OCT) and scheimpflug imaging [20]that allows analysis of second-
ary corneal changes i.e. edema that is known to occur in FECD. Together
these imaging tools allow accurate FECD diagnosis and clinical
prognosis.

The 3-dimensional structure of the guttae in part contributes to the
disease, as large guttae physically disrupt the CE monolayer (Fig. 2B)
[21]. Hence, it has been demonstrated that when normal CECs are
seeded onto FECD-DM, the largest guttae induce cellular changes and
result in apoptosis of the CEC [22]. However, it is not known if guttae
directly trigger CEC stress and cell death or whether CEC stress stimu-
lates guttae formation [17]. Ultimately, late stage FECD results in loss of
CE function which leads to corneal edema, resulting in painful swelling
of the cornea, loss of visual acuity and if left untreated blindness.

Despite clinical and scientific advances in understanding the patho-
genesis of FECD, treatments of FECD are limited to direct cellular

Fig. 3. The Nrf2 pathway. In the absence of
oxidative stress the basal levels of Nrf2 are
very low. Nrf2 is sequestered in the cyto-
plasm through its association with the Kelch-
like ECH-associated protein 1 (Keapl) which
constitutively targets Nrf2 for ubiquitin
dependent protein degradation. Oxidative
stress modifies cysteine residues in Keapl
resulting in the release of Nrf2 from ubiq-
uitination. Subsequently, Nrf2 is able to
translocate to the nucleus and induce tran-
scription of genes which contain the binding
site, antioxidant response element (ARE) in
their promoter.
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replacement. Currently, surgical intervention in the form a corneal
transplantation is the only suitable therapy for advanced stage FECD.

Globally the incidence and prevalence of FECD differs greatly.
However, in the U.S approximately 4% of the population over the age of
40 years are diagnosed with FECD. Interestingly, females are more
affected than males [23]. Typically, Asian populations show fewer cases
of FECD [24,25]. This may well be due to certain genetic loci associated
with pathogenesis of FECD (see below).

The inheritance and genetics of FECD are complicated. Several
different loci have been implicated in FECD. This includes: TCF8 [26],
SLC4A11 [27], LOXHD1 [28], KANK4, LAMC1 and ATP1B1 [29].
Additionally, an expanded CTG trinucleotide repeat (TNR) within an
intron of the TCF4 gene has been demonstrated to be prominently
associated with FECD [30-33]. However, globally amongst different
ethnic groups the frequency of FECD patients harboring the repeat
sequence vastly differs. For example, it is estimated that amongst the
Caucasian population with FECD the prevalence of repeat sequence is
around 70%, compared to both Asian and the African American popu-
lation where the prevalence is much lower (~25-50%) [34]. Therefore,
not all FECD can be attributed to CTG repeat expansion., FECD is more
prevalent in females than in males with LAMC1 thought to confer
greater risk in females; whilst TCF4 increased risk in males [29].

Surgical intervention, in the form of endothelial keratoplasty (EK), is
currently the best option for restoring vision in advanced FECD. In a
standard EK surgery, such as Descemet Membrane Endothelial Kerato-
plasty (DMEK), diseased host DM and CE is first stripped, following by
allogenic transplantation of a cadaveric donor DM and CE complex, in
order to restore the host corneal endothelial pump [35,36]. Stripped DM
and CE tissue from FECD patients has been an excellent source of ma-
terial for laboratory analysis, particularly as FECD-CECs can be isolated
attached to their natural DM substrate. In addition, protocols for
isolating, expanding and immortalizing normal as well FECD-CECs has
allowed long term cultures of CECs to be established to further probe the
pathogenesis of FECD [37-41]. For example, CE attached to DM from
FECD patients undergoing surgery have been compared to normal
CE/DM by PCR based array analysis [42,43]. This data has demon-
strated global mRNA changes in FECD including, an imbalance in genes
known to regulate oxidative stress that are also targets of Nrf2 [42,43].
Importantly, Nrf2 has also been reported to be downregulate in FECD
[44]. Therefore, above and beyond any hereditary genetic factors,
oxidative stress and an imbalance in antioxidants play a significant role
in the pathogenesis of FECD. As Nrf2 is central to the regulation of
oxidant-antioxidant poise together, and in addition to genetic suscepti-
bility loci, it undoubtedly implicates Nrf2 in the pathogenesis of FECD.

We will discuss in greater detail particular aspects of Nrf2 expres-
sion, regulation and interacting partners, highlighting possible functions
in CE and FECD.

4. Regulation of Nrf2

Under basal conditions Nrf2 levels are low as Nrf2 is constitutively
ubiquitinated by the cysteine rich Kelch-like ECH-associated protein 1
(Keap1) [9]. As a scaffold component of the Cullin 3-based ubiquitin E3
ligase, Keapl targets Nrf2 for proteasomal degradation (Fig. 3). Conse-
quently, basal Nrf2 levels are kept low. Keap1 acts as an oxidative stress
sensor. Reaction of critical cysteine residues in Keapl with HyO2 results
in a conformational change in its structure. Subsequently, Keapl is
rendered inactive thus allowing stabilisation of Nrf2 [45]. Activated
Nrf2 translocates to the nucleus and heterodimerizes with small maf
(sMaf) protein family. Nrf2-sMaf heterodimers bind to regulatory ele-
ments in DNA and facilitate the transcription of a myriad of genes
associated with de-toxification and cytoprotection. In addition, putative
sites of phosphorylation in Nrf2 suggest additional regulation of Nrf2
function by certain kinases. However, the exact role of phosphorylation
in Nrf2 function has not been fully elucidated [46]. The cis-regulatory
elements for Nrf2 binding are comprised of a 41 base pair recognition
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Table 1
Summary of genes regulated by Nrf2 relevant to CEC and FECD.
Gene Protein name Functional Identified as Confirmed
significance to Nrf2 target from: ~ ARE
CEC (Cell/tissue) Reference
(s)

NQO1 NAD(P)H Targeted Multiple cell [51,52,
quinone reduction in type 56-58]
oxidoreductase CEC sensitises
1 CEC to

oxidative stress
[54] and
expression
downregulated
in FECD [55]

Prdx1/6 Peroxiredoxin 1 Expression MEFs [51]

and 6 down regulated
in FECD [59,
60]. Prdx1
regulates lipid
peroxidation in
CEC [60]

SOD Superoxide SOD mRNA Lymphoblastoid SOD1 [52]
dismutase levels reduced cell lines

in FECD [42,
43]

ABCB6 ATP binding Linked to Multiple cell [51,52,57,
cassette generation of types 62]
subfamily B and catabolism
member 6 of heme

FTH1 Ferritin (heavy Indirectly via

TL & light chain) ferroptosis [61]

FECH Ferrochelatase

HO1 Heme
Oxygenase

SLC48A1 Heme transport

BLVRA/ Bilverdin

B reductase A&B

SLC7A11  Cystine/ mRNA level Lymphoblastoid [52,63]
glutamate regulated by cell lines, MEFs
antiporter xCT Nrf2 in human

CEC line B4G12
[60]

GPx4 Glutathione GPx4 regulates MEFs [63]
peroxidase 4 lipid

peroxidation in
B4G12-CEC
[64]

sequence termed antioxidant response elements (ARE). Interestingly,
the levels of Keapl have been demonstrated to be elevated in FECD [44].
In addition, the Parkinson associated disease protein PARK7 (also
known as DJ-1) assists in the stabilisation of Nrf2 and has been impli-
cated in the pathogenesis of FECD as DJ-1 levels are severely reduced in
FECD tissue [44]. Moreover, siRNA targeting of DJ-1 in transformed CE
cell lines impairs Nrf2 translocation to the nucleus and the defective
upregulation of the Nrf2 target gene NQO1 [47]. Loss of DJ-1 sensitised
CE cell lines to UV induced apoptosis, consistent with a role for
Nrf2/DJ-1 as an antioxidant [47].

In addition to regulating Nrf2 levels, Keapl has been demonstrated
to interact with a number of other proteins and therefore play roles in
addition to a repressor of Nrf2 [48]. Age dependent decrease in Nrf2
with concomitant increase in Keapl expression has been reported to
occur in epithelial cells of the lens [49]. This was particularly evident
from lenses isolated from donors above the age of 65 years and occurred
at both mRNA and protein level and correlated with a demethylation in
the keapl promoter [49]. FECD is predominantly a disease of late onset
and advanced age is a known risk factor for developing FECD [17].
However, it has not been determined if Keapl levels in CEC increase
with age and whether or not this proceeds loss of Nrf2 and phenotypic
changes associated with FECD.
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4.1. Nrf2 target genes

To identify genes regulated by Nrf2, mouse embryonic fibroblasts
(MEFs) derived from either Keapl or Nrf2 knockout mice have been
studied. Loss of Keap1 resulted in constitutive Nrf2 activation. Surpris-
ingly, whilst homozygous Keapl null mice survive only until weaning
age [50], Nrf2 deficient mice are viable [4].
Chromatin-immunoprecipitation (ChIP-Seq), DNA sequencing and
microarray have been utilized to identify >600 putative genes con-
taining ARE that are upregulated in the absence of Keapl and down-
regulated in the absence of Nrf2 [51]. Employing human
lymphoblastoid cells Chorley et al. performed ChIP-seq analysis on cells
treated with the Nrf2 activator sulforaphane [52]. Similar to MEFs over
849 genes were identified to contain at least one ARE, upstream of the
transcription start sites of the genes. A comparison between this and the
MEF study revealed an overlap of 110 genes [52]. The large overlap
between the two studies suggest that Nrf2 target genes are conserved in
both mouse and human cells. The identification of genes with ARE ex-
plains the multifaceted role for Nrf2 in the regulation of oxidative stress
and, it is known that Nrf2 also regulates expression of genes not directly
linked to oxidative stress. For example, mitochondria bioenergetics, the
unfolded protein response (UPR), iron metabolism, proteasome activity
and focal adhesion. ChIP-seq analysis of the lung carcinoma cell line,
A549 has revealed that a number of genes associated with focal adhesion
are regulated by Nrf2, including LAMC1, which has previously been
implicated in FECD [29,53].

Nrf2 controls the expression of many cellular components including,
glutathione (GSH) synthesis, enzymes involved in detoxification and
NADPH regeneration as well as heme and iron catabolism. We have
summarised relevant Nrf2 targets based on their association to CEC and/
or FECD in Table 1.

5. The role of oxidative stress in the pathogenesis of FECD

A common etiological factor in the pathogenesis of FECD is the
involvement of oxidative stress. A number of genes involved in regu-
lating oxidative stress have been demonstrated to be down regulated
compared to normal CECs [42]. This includes the transcriptional down
regulation of the family of redox sensors peroxiredoxins, a finding
subsequently verified by analysis of protein extracted from FECD patient
samples [59,60]. As a large proportion of dysregulated genes contain an
ARE, hence it suggests Nrf2 is central to regulating oxidative stress in
CECs. Consistent with this is the evidence that Nrf2 protein levels are
significantly reduced in FECD-CECs compared to normal controls [42].
Loss of Nrf2 and thus the Nrf2 regulated oxidative stress response in
FECD suggests that over an individual’s lifetime the constant UV expo-
sure accentuates CEC death to a pathological level. Evidence for which
has been obtained from both in vitro studies [65], as well as an in vivo
animal model of UV induced cornea damage [23]. Cultures of human
CECs exposed to UVA have been demonstrated to upregulate both Nrf2
mRNA and result in the translocation of Nrf2 to the nucleus resulting in
induction of the Nrf2 regulated genes NQO1 and HO-1 [65]. However,
prolonged UVA exposure also triggered caspase dependent apoptosis
[65]. Importantly, UVA exposure on the mouse cornea induces
guttae-like deposits within the CE, together with morphological changes
similar to FECD. Notably, the corneas from female mice are more sus-
ceptible to UVA, compared to male mice, thus recapitulating the sex
differences apparent in FECD [23]. Interestingly, the estrogen metabo-
lizing enzyme CYP1B1 is upregulated by UVA more prominently in CE
derived from female mice compared to CE derived from male mice.
Furthermore, CYP1B1 has demonstrated to be upregulated in human
FECD tissue samples [23]. However, CYP1B1 can be regulated by NRF2
[51]. Therefore, exactly how loss of Nrf2 in FECD results in CYP1B1
upregulation is unclear. Perhaps loss of Nrf2 in FECD causes aberrant
activation of another CYP1B1 regulator, aryl hydrocarbon receptor
(AHR) which binds to a xenobiotic response element in CYP1B1 [66].
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Increased apoptosis has been reported in CE isolated from FECD
patients [42,67,68]. Moreover, CECs isolated from FECD patients have
been demonstrated to be more susceptible to apoptosis induced by
oxidative stress inducing agents such as tert-butyl hydroperoxide [37].
Apoptosis can be triggered through cytokine mediated signal trans-
duction such as FAS and TNF triggered cell or through cells sensing
stress through mitochondrial dysfunction or ER stress and the unfolded
protein response.

5.1. Nrf2 and cytoprotection

The cell contains many enzymes dedicated to redox homeostasis.
Many of which are regulated by Nrf2 (Table 1). The prototypical Nrf2
target, NQOL1 is critical for cytoprotection and importantly has been
demonstrated to be involved in the pathogenesis of FECD. Treatment of
CEC with the quinone menadione induces cell damage which mimics the
cellular changes seen in FECD. Menadione is reduced by NQO1. Utilizing
a CEC line and targeting expression of NQOL1 it has been demonstrated
that NQOL1 deficient cells are hypersensitive to menadione, suggesting
Nrf2 mediated NQO1 expression is required to regulate the response to
menadione [54,69]. Moreover, loss of NQO1 expression has been re-
ported in CECs from FECD patients [55]. As noted above, FECD is more
prevalent in females than males. Moreover, NQOL1 is linked to estrogen
metabolism and is known to remove genotoxic metabolites of estrodiol.
Furthermore, loss of NQO1 in FECD exacerbates the response to estrogen
genotoxicity [55].

5.2. Nrf2 and peroxiredoxins

The highly conserved and ubiquitous family of redox sensors per-
oxiredoxins (Prdx) are a family of antioxidants capable of reducing
peroxides such as HyO» and lipid peroxides [70]. Mammalians express
six Prdx isoforms which differ in subcellular localisation [70]. As Prdx
are constitutively expressed at high concentrations knowledge regarding
their function has focused on their enzymatic activities rather than
regulation of their expression. However, Nrf2, ChIP-seq data sets have
revealed that both Prdx1 and Prdx6 are regulated by Nrf2 binding AREs
in their promoter regions [51,52]. Transcriptional down regulation of
Prdx 1, Prdx2, Prdx 5 and Prdx 6 has been reported in CE from FECD
tissue [42]. In addition, proteomic analysis has revealed that Prdx2,
Prdx3 and Prdx5 are downregulated in FECD [59]. Furthermore, evi-
dence that Prdx1 expression is lost in CE from FECD patient derived
tissue has also been demonstrated [60]. Targeting Nrf2 with siRNA in
the CEC line B4G12 reduces Prdx1 mRNA levels and loss of both Prdx1
and Nrf2 was demonstrated to affect cumene hydroperoxide induced
lipid peroxidation and cell viability [60]. In addition, Prdx6 has been
implicated in regulation of mitochondrial membrane potential function,
and loss of Prdx6 in B4G12 rendered B4G12-CEC more susceptible to cell
death [71]. These data suggest that loss of Nrf2-Prdx axis may further
contribute to the overall imbalance in oxidative stress apparent in FECD.

5.3. Nrf2 and mitochondria

Mitochondrial dysfunction is thought to play a prominent role in the
pathogenesis of FECD [72]. Mitochondria are rich in CEC and are
thought to be essential for providing the cellular energy required to
maintain the pump-barrier function of CE. Loss of mitochondrial, su-
peroxide dismutase 2 (SOD2) and an increase in mitochondrial DNA
damage in FECD tissue was the first evidence that mitochondria in FECD
may be affected [42]. The synthetic quinone, menadione (MN) generates
intracellular mitochondrial superoxide and elevates intracellular ROS.
The Nrf2 target gene, NQO1 metabolizes MN. Therefore, as noted above
loss of Nrf2/NQO1 renders CE more sensitive to MN [69]. Furthermore
and as discussed above, menadione induced mitochondrial depolariza-
tion has been demonstrated to affected by loss of another Nrf2 target,
Prdx6, resulting in hypersensitive to menadione in the human CEC line
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B4G12 [71]. Defects in mitochondria in FECD include morphological
change, loss of mitochondrial mass and absolute mitochondrial
numbers, as well as loss of mitochondrial membrane potential [73].
Selective degradation and removal of damaged mitochondria, or
mitophagy is controlled by the PINK1/Parkin pathway which has been
suggested to be elevated in FECD along with an increase in mitophagy
[74]. The PINK1 (PTEN-induced putative kinase 1) gene contains pu-
tative ARE regulatory elements in its promoter region and Nrf2 has been
demonstrated to active PINK1 transcription in human neuroblastoma
cell lines [75]. Moreover, loss of Nrf2 contributes to mitochondrial
dysfunction as several features of mitochondrial function are disrupted
in Nrf2 knockout mice [76,77]. For example, mouse embryonic fibro-
blasts isolated from Nrf2 deficient mice have reduced mitochondrial
membrane potential and decrease mitochondrial respiration as judged
by a decrease in NADH leading to reduced ATP synthesis [76].

5.4. SLC4A11 and Nrf2

SLC4A11 is a membrane transporter protein expressed on the baso-
lateral surface of CEC, that contributes to corneal hydration as well as
functioning as an adhesion molecule anchoring CECs to DM [78].
Several mutations in SLC4A11 have been described in FECD [27]. A
large majority of mutations cause dysfunctional trafficking of SLC4A11
to the cell surface [79], resulting in cell stress reminiscent of UPR.
Furthermore, ER retaining mutants of SLC4A11 have conferred an
increased sensitivity to tert-butyl hydroperoxide (tBHP) when overex-
pressed in cell line [80]. In addition, siRNA mediated depletion of
SLC4A11 also de-sensitised cells to oxidative stress inducing agents such
as tert-butyl hydroperoxide (tBHP) [81]. Surprisingly, loss of SLC4A11
reduced Nrf2 mRNA levels and affected induction of NQO1 following
tBHP treatment [81]. However, exactly how loss of SLC4A11 impacts
Nrf2 is not known.

5.5. Unfolded protein response and Nrf2

The presence of misfolded proteins in the lumen of the endoplasmic
reticulum (ER) is toxic to cells unless they are removed. The unfolded
protein response (UPR) mechanism ensures removal of misfolded pro-
teins. The UPR pathway is highly conserved and involves ER resident
signalling components such as, activating transcription factor 6 (ATF6),
inositol requiring enzyme 1 (IRE1) and double-stranded RNA-activated
protein kinase (PKR)-like ER kinase, (PERK). The ER chaperone protein
GRP78 binds misfolded proteins for further processing as well as acti-
vating IRE1, ATF6 and PERK. Activated ATF6 translocates to the Golgi
and is proteolytically cleaved allowing a domain of ATF6 to enter the
nucleus to serve as a transcription factor for the induction of UPR spe-
cific genes [82]. IRE1 possess kinase and endonuclease activity. Acti-
vated IRE1 removes an intron for the X-box binding protein (Xbpl)
resulting in the unconventional splicing of Xbp1. Spliced Xbp1 acts as a
transcription factor to upregulate genes involved in UPR [82]. PERK
functions to attenuate any further translation of proteins via phos-
phorylation of the translation initiation factor eukaryotic initiation
factor 2 (elF 2) [83].

Electron microscopy and immunofluorescence assessment of FECD
corneas revealed abnormal ER morphology and upregulation of markers
associated with the UPR response [84,85]. This includes the presence of
GRP78 positive aggresomes in FECD CE [85]. Treatment of immortal-
ized FECD as well as control CEC lines with the ER stress inducing
compound, thapsigargin, results in the elevated activation of PERK and
IRE1 in FECD cells compared to control [85]. This data suggest that
increased ER stress in FECD may contribute to increased apoptosis and
pathogenesis of FECD.

Interestingly, PERK has been demonstrated to stimulate expression
of Nrf2 [86]. For example, in the mouse embryonic fibroblast cell line,
NIH-3T3, ER stress induced Nrf2 translocation and expression of lucif-
erase reporter constructs containing a functional ARE in a PERK
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dependent fashion [86]. Moreover, in the absence of Nrf2 MEFs fail to
induce expression of the Nrf2 target gene the catalytic subunit,
glutamate-cysteine ligase, (GCLC), following thapsigargin treatment
[86]. In turn, Nrf2 upregulates genes involved with reducing the
oxidative burden specifically in the ER [87]. This includes several gene
products related to enzymes regulating glutathione (GSH) metabolism
which is essential for maintaining physiology of the ER [87,88]. Taken
together it is suggested there is significant crosstalk between ER stress,
UPR and oxidative stress signalling pathways [89].

5.6. Nrf2, iron, lipid peroxidation and ferroptosis

Oxidative stress can be detrimental to all cellular organelles and
membranes. Lipids, typically polyunsaturated fatty acids (PUFA) within
cellular membranes can be damaged by oxidative stress resulting in lipid
peroxidation. Extensive lipid peroxidation will result in loss of mem-
brane integrity. Furthermore, lipid peroxidation generates aldehydes
such as 4-hydroxynonenal (4-HNE) and malondialdehyde (MDA) which
are toxic to cells and can lead to DNA damage [90]. Lipid peroxidation
appears to trigger cell death via pathways distinct from the classical
caspase dependent apoptotic pathways. This novel pathway was coined
ferroptosis [91]. Ferroptosis was defined as an iron dependent,
non-apoptotic, lipid peroxide driven cell death. Notably, Nrf2 is required
at several stages of ferroptosis as several proteins involved in ferroptosis
are known Nrf2 targets (Table 1) [61]. Moreover, ferroptosis is related to
ER stress and UPR as both are regulated by cysteine/gluthamate trans-
port and production of GSH and lipid peroxidation can occur in the ER
[92].

Although iron is an essential element and cofactor required for many
biological processes, under certain circumstances iron is capable of
generating toxic hydroxl radicals (OH-) through the reaction with
endogenously produced H»0, (Fenton reaction). Therefore, the avail-
able pool of iron needs to be tightly regulated. A number of Nrf2 targets
include genes that regulate either regulate iron metabolism or the syn-
thesis, catabolism and degradation of heme (Table 1). The role of Nrf2 in
regulating iron in biological processes has been expertly reviewed
elsewhere [93]. Iron is required for ferroptosis: OH-radicals generated
by the Fenton reaction can generate lipid peroxides. Moreover, ferrop-
tosis can be effectively inhibited by iron chelators [91]. In addition,
ferroptosis involves the Nrf2 transcriptional targets GPX4 and SLC7A11
[91,94] (Table 1). SLC7A11 encodes a subunit of the cystine/glutamate
transporter vital for the generation of GSH. In turn, GPX4 utilises GSH to
reduce lipid peroxides. Hence, Nrf2 regulates lipid perox-
idation/ferroptosis via SLC7A11 and GPX4. Moreover, there is evidence
that the level of Nrf2 can regulate ferroptosis in certain cell lines [95,
96]. However, to date neither GPX4, SLC7A11 expression nor has fer-
roptosis been studied in relation to FECD. In the corneal endothelial cell
line B4G12 (B4G12-CEC), depleting Nrf2 renders cells more susceptible
to lipid peroxidation induced by cumene hydroperoxide (CH) with a
concomitant decrease in SLC7A11 mRNA levels [60]. Interestingly,
basal Prdx1 mRNA levels were reduced by loss of Nrf2 expression [60].
However, treatment of Nrf2 deficient B4G12 cells with CH largely
restored Prdx1 expression. This data conflicts with previous publications
describing Prdx1 regulation by Nrf2 in mouse macrophages [97], and
cancer cell lines [52]. However, these studies did not look at the
response to CH. Targeting Prdxl by siRNA in B4G12-CEC similarly
rendered cells more susceptible to lipid peroxidation resulting in a
decrease in cell viability [60]. As previously discussed, both Prdx1 and
Nrf2 are decreased in FECD. It is thus tempting to speculate the lipid
peroxidation induced ferroptosis pathway might contribute to the
pathogenesis of FECD.

The Nrf2 target GPX4 is an essential regulator of ferroptosis as it
protects against damaging lipid peroxidation [94]. Utilizing
B4G12-CECs two groups have independently targeted GPX4 with siRNA
[60,64]. Both studies confirmed GPX4 expression in B4G12-CEC and
demonstrated enhanced lipid peroxidation in response to oxidative
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Fig. 4. Schematic depicting roles for Nrf2 in regulating the functioning of corneal endothelial cells (CECs). We hypothesise that the phenotypic changes in FECD can
be attributed to loss of Nrf2 expression in CECs. Subsequently, a multitude of defects including, loss of cytoprotection, mitochondrial dysfunction and increased lipid
peroxidation culminates in irreversible cell death. Therefore, the use of pharmacological targeting to restore Nrf2 expression should be explored as a therapy

for FECD.

stress [60,64]. In summary there is substantial evidence to suggest that
in addition to apoptosis, Nrf2 may regulate non-apoptotic cell death
such as ferroptosis. The role of ferroptosis in age dependent neurode-
generative diseases is an emerging field. Inhibitors of ferroptosis have
demonstrated protection in certain models of degenerative disorders
including Parkinson’s and Alzheimer’s [98]. However, the significance
of ferroptosis in the pathology of FECD needs further exploration.

6. Nrf2 and trinucleotide repeat disorders

Trinucleotide repeat (TNR) disorders are genetic diseases caused by
expansion of trinucleotides repeats. They include: myotonic dystrophy
type 1 (DM1), caused by a CTG expansion in the DMPK1 gene, Hun-
tingdon’s disease (HD), caused by a CAG expansion in the huntingtin
gene (HTT) and Friedreich’s ataxia, caused by GAA expansion in fra-
taxin (FXN). Generally, TNRs cause unstable, toxic RNA and protein thus
disrupting normal cellular function. By far the most common mutation
associated with FECD is an unstable CTG expansion in the intron of
TCF4. Exactly how the TNR causes pathological damage to CE is not
clear. Based on other TNR diseases such as myotonic dystrophy type 1
(DM1), the prevailing view is that the triplet expansion in TCF4 pro-
duces the expression of toxic RNA resulting in discrete nuclear RNA foci
that sequester the mRNA splicing factor, MBN1 [99]. Consequently,
defective splicing is toxic to the cell. Evidence for toxic RNA foci has
been described in CE from FECD but not in non-FECD controls [100]. In
addition, expression of repeat associated non-ATG (RAN) translation of
TCF4, has been detected in CE from FECD patients [101]. RAN trans-
lation is bidirectional and can result in multiple reading frames pro-
ducing toxic proteins which could further contribute to disease via
increased ER and oxidative stress. TNR diseases have been associated
with oxidative stress. Furthermore, neural stem cells from HD har-
bouring a CAG expansion negatively impact Nrf2 signalling [102]. The
activation of Nrf2 with the Nrf2 activating compound MIND4-17 failed
to induce NQO1 expression in neural stem cells with repeats; however,
removing the repeat sequence, via homologous recombination, restored
the ability of MIND4-17 to induce NQO1 [102]. This data suggests that
the repeat sequence exacerbates pathology through the inhibition of

Nrf2 [102]. Furthermore, oxidative stress has been demonstrated to
increase CAG repeats in embryonic stem cells derived from a transgenic
mouse model of HD [103]. The transgenic mouse model of HD demon-
strated age-dependent somatic expansion of the TNR, a process which is
accelerated because of oxidative DNA damage [104].

Friedreich’s ataxia (FRDA), an autosomal recessive neurodegenera-
tive condition is known to result from a GAA repeat in the mitochondrial
protein frataxin. Predominantly the spinal cord, brain and heart are
affected in FRDA. Dysfunctional mitochondria, oxidative stress,
including increased ROS and lipid peroxidation are key factors in the
pathogenesis of FRDA. One potential therapeutic target for FRDA is
Nrf2. Under oxidative stress conditions Nrf2 fails to translocate to the
nucleus in FRDA fibroblasts [105]. In addition the induction of Nrf2
target transcripts are severely affected by loss of Nrf2 [105]. The level of
Keapl is significantly higher in FRDA fibroblasts [106,107] suggesting
that loss of Nrf2 activity may be due to elevated Keapl expression. The
synthetic compound omaveloxolone (RTA-408) is currently under clin-
ical investigation for treatment of FRDA [108,109]. Omaveloxone is an
Nrf2 activator demonstrated to rescue mitochondrial defects in animal
models of FRDA as well as in FRDA patient fibroblasts [109] Interest-
ingly, omaveloxone is also under trial to prevent corneal endothelial cell
loss in patients undergoing cataract surgery (www.clinicaltrials.gov).

The penetrance of TNR in diseases such as HD and FRDA is un-
equivocal. FECD is atypical in that not all patients with FECD have the
TCF4 CTG repeat. However, >40 CTG repeats in patients, has been
shown to correlate with progression and severity of disease thus
increasing the likelihood of transplantation [110-115]. Similar to HD,
FECD is late onset, typically affecting patients >40 years old. It is not
known if the CTG repeat in TCF4 expands with age, furthermore, it has
not been determined whether oxidative stress and principally the loss of
Nrf2 might increase the expansion rate.

7. Therapeutic Nrf2 agonists
The pharmacological targeting of Nrf2 through small molecules is

being explored for several neurodegenerative diseases. Generally, acti-
vators of Nrf2 target critical oxidative stress sensing cysteine residues in
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Keapl [116]. As previously mentioned the Nrf2 activator Omalarone
(RTA 408) is being used as a possible therapeutic for FRDA [108]. Small
molecules like Omalarone target a critical cysteine residue (C151) in
Keapl [117]. Similarly, a C151 modifying compound for HD was iden-
tified through library screening which led to the identification of
MIND4-17 [102]. MIND4-17 was demonstrated to be a highly potent
Nrf2 activator. MIND4-17 has demonstrated promising results in
restoring oxidative stress and neuroinflammatory induced defects in
both mouse and human cell models of HD [102]. Sulforaphane is a
natural compound found in cruciferous vegetables such as broccoli and
cabbage has potential therapeutic application; as it possess cytopro-
tective effects [116]. Sulforaphane is another Cys-151 modifier that has
been suggested as a therapy for FECD as it has been demonstrated to
reduce apoptosis of FECD-CEC through the re-establishment of the Nrf2
pathway [118]. A number of molecular cellular defects have been
described FECD, which we believe are showing the downstream effects
of dysregulation in Nrf2. The use of Nrf2 activators in other diseases
strongly suggests that pharmacological targeting of Nrf2 could be a
worthwhile avenue of research for FECD. However, given the lethality of
Keap1 knockout mice presumably due to hyper-Nrf2 activity. The timing
of Nrf2 activators will need to be tightly controlled and ideally applied
locally.

8. Conclusions and future directions

The underlying phenotype in FECD is an imbalance in oxidative
stress. Central to this is a significant decrease in the expression of Nrf2.
Loss of Nrf2 activity triggers a multitude of responses culminating in
mitochondrial dysfunction, DNA damage, excessive lipid peroxidation
and ultimately cell death. Additionally, both endogenous (genetic fac-
tors) and exogenous factors (environmental factors such as UV light)
perpetuates the vicious circle of FECD [17] (Fig. 4). Death of CE is
permanent as CE lacks regenerative capacity. Patients harbouring
expanded CTG repeat sequence in their TCF4 locus have an additional
burden, which further predisposes the advancement of disease patho-
genesis resulting in an increase need for transplantation. Given the
global shortage of transplant grade cornea tissue there is a need for
alternative therapies to slow progression of FECD.

Improvements in FECD grading and diagnosis will be essential for
early detection and intervention. For the most part, FECD has been
studied using late stage ex vivo tissue or transformed cell lines. There-
fore, there are several important questions that need to be addressed to
understand early detection of FECD. This includes whether loss of Nrf2
expression in FECD is a cause or consequence of increased sensitivity to
oxidative stress. Furthermore, it is not known why some patients have
expanded CTG repeats whilst others do not.

In summary, we propose that early diagnosis of FECD together with
the pharmacological targeting of Nrf2 should be actively explored as a
therapy for FECD.
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