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Abstract
● Age-related macular degeneration (AMD) is a complicated 
disease that causes irreversible visual impairment. 
Increasing evidences pointed retinal pigment epithelia 
(RPE) cells as the decisive cell involved in the progress of 
AMD, and the function of anti-oxidant capacity of PRE plays 
a fundamental physiological role. Nuclear factor erythroid 
2 related factor 2 (Nrf2) is a significant transcription factor 
in the cellular anti-oxidant system as it regulates the 
expression of multiple anti-oxidative genes. Its functions 
of protecting RPE cells against oxidative stress (OS) and 
ensuing physiological changes, including inflammation, 
mitochondrial damage and autophagy dysregulation, 
have already been elucidated. Understanding the roles of 
upstream regulators of Nrf2 could provide further insight to 
the OS-mediated AMD pathogenesis. For the first time, this 
review summarized the reported upstream regulators of 
Nrf2 in AMD pathogenesis, including proteins and miRNAs, 
and their underlying molecular mechanisms, which may 
help to find potential targets via regulating the Nrf2 pathway 
in the future research and further discuss the existing Nrf2 

regulators proved to be beneficial in preventing AMD.
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INTRODUCTION

A ge-related macular degeneration (AMD), which affects 
the macula and leads to deficit of central vision, is one 

of the main irreversible causes of severe visual impairment and 
blindness[1]. It is assessed that the number of AMD patients 
will reach 288 million by 2040 around the world[2], and 55.19 
million by 2050 in China[3], which can be serious financial 
burden for the society. It is believed that AMD results from 
an interplay of genetic, environmental, and behavioral risk 
factors. Early-aged AMD, characterized by small drusens 
deposited and pigmentary alters at the rear pole of the 
fundus, will develop into wet AMD and dry AMD without 
timely and proper intervention[4]. Dry AMD accounts for 
80%–90% of all AMD cases and can be treated by preserving 
retinal pigment epithelium (RPE) and photoreceptor cells. 
Neovascular AMD affects 10%–20% of AMD patients and 
can be treated by blocking neovascularization[5]. However, 
the treatment is still limited due to the deficient perception of 
molecular mechanisms underlying the pathogenesis of AMD, 
especially the initiation of AMD. The mechanisms of AMD 
pathogenesis are complicated and far from elusive. Currently, 
oxidative stress (OS) in RPE cells has been considered as 
a central contributor to AMD and its roles in the initiation 
and progression of AMD was firstly confirmed in humans in 
clnical trials[6-7]. The evaluation of this information highlights 
the central role that oxidative damage in the retina plays in 
contributing to major pathways, including inflammation and 
angiogenesis, found in the AMD phenotype[6]. 
RPE mediates the support function of photosensors and helps 
sustaining the homeostasis of subretinal space via multiple 
processes involving digestion of the photoreceptor outer 
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segments[8-9]. Reactive oxygen species (ROS)-induced damage 
of RPE cells is considered to be the initial pathological 
trigger of AMD occurrence[10] by inducing inflammation[11], 
mitochondria damage[12] and autophagy[13], which in turn 
further aggregate the injury of RPE cells and ultimately 
lead to the dysfunction or even atrophy of RPE cells[14]. The 
degeneration of photesensors occurs and leads to initiation of 
dry AMD. Then further recruitement of cytokines and chemokines 
promotes angiogenesis and choroidal neovascularization, results 
in wet AMD[15]. Increasing research has been performed 
to understanding the detailed mechniams involved in OS-
mediated pathogenesis of AMD, especially the initiation of 
dry AMD due to its high prevalence. In recent years, nuclear 
factor erythroid 2 related factor 2 (Nrf2) is considered as 
a core player against OS by regulating the expression of 
multiple antioxidant proteins. Although Nrf2 does play a role 
in the pathogenesis of wet AMD, the study regarding to its 
involvement in choroidal neovascularization is limited and a 
few study was found[16]. Therefore, as a core player against OS, 
the role of Nrf2 in the development of OS-mediated pathogenesis 
of AMD has attracted more and increasing attention of 
researchers[17]. However, most studies paid attention to the 
role of Nrf2 and its downstream genes in AMD, despite the 
complex upstream regulation of Nrf2 activation. Multiple 
upstream proteins and kinases modulate the expression and 
activation of Nrf2, including key processes of ubiquitination, 
nuclear translocation, transcriptional activity and nuclear 
exportation of Nrf2[18]. This review summarized the current 
studies regarding to the factors that regulate Nrf2 expression 
thus influence Nrf2-mediated signaling pathways in the 
pathogenesis of AMD and the potential therapeutic drugs 
associated with these factors on AMD, and tried to present the 
current available studies regarding to the following questions: 
What regulators has been found to modulate Nrf2 expression in 
AMD or AMD models? How are non-coding RNAs involved 
in Nrf2 regulation? Do other drugs effect the activation of Nrf2 
unintentionally? As more and more attention is focused on 
the therapeutic effects of various Nrf2 upstream inducers, this 
review might to some extent provide constructive suggestions 
for follow-up researches.
ROS-mediated Dysfunction and Degeneration of RPE 
Cells Plays a Central Role in the Progression of AMD  
ROS is generated in many cellular process including aerobic 
respiration and nutrient metabolism, and it produces OS if 
not removed rapidly[19]. Compared with other tissues, retina 
is very prone to generate ROS and is more vulnerable to 
OS because of its high metabolism, highly perfusion[20] and 
frequent exposure to harmful environment[21-22]. Among the 
major constituent cells of the retina, RPE cells regulate the 
selective transportation between the choroid and the subretinal 

area, compensate the environmental changes in the subretinal 
space caused by hypermetabolism of photosensors and 
neurons[23-24] and help sustain visual cycles[25]. In short, the 
hyper-metabolism of RPE determines its susceptibility to OS, 
and thus RPE cells contain high concentrations of enzymatic 
and non-enzymatic anti-oxidants and keep the ability to 
repair oxidized lipids and damaged proteins and DNA to 
sustain the structural integrity and physiological functions of 
the retina[26]. However, the ability of RPE defensing against 
injury of oxidants diminishes with aging, making them display 
raised susceptibility to the cell damage induced by exogenic 
stressors[26].
OS in RPE cells induces oxidative damage to nuclear and 
mitochondrial DNA including strand breaks and DNA-protein 
cross links[27]. In contrast, the latter is more vulnerable to OS 
damage, as it located closer to sites where ROS is generated. 
Regions of the mitochondrial deoxyribonucleic acid (mtDNA) 
that are required for the transcription and replication of 
mitochondrial proteins are impacted by the mtDNA damage, 
which impairs respiratory complexes and mitochondria-nuclear 
signaling[28], engenders mitophagy, breaks the mitochondrial 
homeostasis and consequently increases the ROS production 
in RPE cells[27]. Besides, OS oxides enzymatic and structural 
proteins therefore influences multiple vital cellular metabolic 
process[29], and also mediates the peroxidation of lipids and 
lipoproteins, thus influences cellular autophagy[30]. The 
former give rise to the reduced autophagy activity by directly 
inactivating key lysosomal cysteine proteases and modificating 
substrate proteins that exerts competitive inhibition of 
lysosomal proteases[31-32]. While the latter induce a reduction 
of the fusion of lysosomes with phagosomes[30,33]. Lipoproteins 
can also trigger inflammation in RPE cells, including 
complement cascade dysregulation[30] and inflammasome 
activation[34], which have been proved to be the two vital 
immune factors in RPE[35-36]. The inflammation further raises 
the cells’ susceptibility to OS damage, which forms a vicious 
loop and causes prolonged damage to the RPE cells[37]. All 
of these above ultimately lead to RPE cells progressive 
dysfunction and degeneration.
Therefore, dysregulation of RPE cells has been considered as 
an essential initiator in the mechanism of AMD development[38]. 
In histology, the normal cuboidal RPE becomes irregularly 
shaped and undergoes epithelial mesenchymal transition, 
and heterogeneous debris accumulates in Bruch’s membrane, 
especially within the inner layer, leading to the degeneration 
of cones and rods and consequently results in visual loss[39-40]. The 
detachments of RPE layer and deposit of drusens compromise 
the integrity of elastic lamina and stimulate choroidal 
neovascularization (neovascular AMD)[41],  while the 
flow of nutrients and clearance of waste products between 
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the choroicapillaris and RPE caused by drusens deposits is 
believed as an essential factor of atrophic AMD[38,42]. These 
waste products can prolong the exposure of RPE cells to the 
oxidizing extracellular environment and recruit many cytokines 
and chemokines and promote inflammatory response, 
angiogenesis and choroidal neovascularization, leading to wet 
AMD[43]. In conclusion, the destruction of RPE caused by OS 
plays an initial role in the onset and progression of AMD.
Nrf2 as a Pivot in AMD  Nrf2 is a transcription factor 
encoded by NF-E2L2 containing 605 amino acids and being 
constituent of 7 conserved regions[44]. Increasing evidences 
have indicated its pivotal involvement in the progress of 
AMD[45-46]. Recently, Nrf2 is considered as a main redox sensor 
in regulating the cascade of antioxidant enzyme systems in 
RPE in the highly oxidative environment in dry AMD[47]. In 
RPE cells absent of Nrf2, AMD-like phenotype, including 
lipofuscin accumulation, drusens deposition and developing 
choroidal neovascularization, was observed[12,48] and can be 
alleviated by magnifying the endogenous expression of Nrf2 
and its responsive antioxidant genes with electrophilic Nrf2 
inducers or locally targeted antioxidant drugs[49]. Furthermore, 
additional studies in animal and cell models demonstrate 
that enhancing Nrf2 activation by drugs with antioxidative 
properties is a potential beneficial therapy for AMD as it 
promotes the protection for RPE cells from OS[50-51]. Together, 
these findings above illustrate a close connection between Nrf2 
and the progress of AMD. 
Direct anti-oxidant functions of Nrf2  ROS mediates the 
dysfunction and degeneration of RPE cells thus promotes the 
onset and progress of AMD. As a vital transcription factor in 
anti-oxidant responses, Nrf2 mainly senses the ROS levels 
and protects cells against OS via regulating the transcription 
of phase II detoxification enzymes and antioxidant proteins[52], 
including NAD(P)H:quinone oxidoreductase-1[53], heme 
oxygenase-1 (HO-1)[54], γ-glutamyl cysteine ligase catalytic 
subunit[55] and superoxide dismutase (SOD)[56]. Their anti-
oxidant functions have been illuminated in detail in other 
tissues and cells before. Although their specific roles in RPE 
cells in physiological and pathological conditions have not 
been pointed in particular, here are some established evidences 
for their similar anti-oxidant functions in RPE cells. In aging 
RPE cells, high constitutive Nrf2 activity is observed, causing 
adaptive upregulation of anti-oxidant genes including NAD(P)
H:quinone oxidoreductase-1 and HO-1 to provide adequate 
anti-oxidant protection for RPE cells under basal conditions[57]. 
Furthermore, a growing number of pharmacological studys 
indicate the benefit of activating Nrf2 and promoting the 
expression its downstream anti-oxidant genes in protecting 
RPE cells and treating AMD[58-59]. Treating H2O2-stimulated 
ARPE-19 cells (retinal pigment epithelial immortalized 

cell line from Amy Aotaki-keen eyes) with Aloperine, a 
quinolizidine alkaloid, increases the expression levels of 
nuclear Nrf2 and HO-1, enhances the activities of SOD and 
glutathione peroxidase in RPE cell line (ARPE-19 cells), thus 
greatly decreases the production of ROS and malondialdehyde 
and protected ARPE-19 cells from apoptosis[60]. Madecassoside 
treatment and quercetin-PC treatment also presents similar 
effects[56,61].
Indirect anti-oxidant functions of Nrf2  In addition to 
exerting direct anti-oxidant functions, Nrf2 also controls 
genes which are involved in mitochondria, autophagy and 
inflammation regulation indirectly via anti-oxidants from 
multiple pathways thus modulates the pathological processes 
in cells. 
Nrf2 regulates the expression of mitochondrial transcription 
factor A, thus contributes to manage important physiological 
processes of mtDNA including its transcription, translation, 
and repair[62-63]. Furthermore, Nrf2 also accelerates the 
expression of alcohol dehydrogenase, aldehyde dehydrogenase 
and NADPH alenol oxidoreductase, consequently contributes 
to break down 4-hydroxynonenal modified proteins within 
electron transport chain complex I and II thus restores the 
normal function of mitochondrial electron transport chain[64]. 
Besides, Nrf2 upregulates the expression of phosphorylated 
62-kDa protein (p62), a tyrosine phosphoprotein that facilitates 
the selective autophagic clearance of insoluble proteins in 
response to acute stress, at transcriptional level in RPE cells, 
thus participates in regulation of cellular autophagy[65-66]. 
Thioredoxin-1(Trx1) is an anti-inflammatory molecule that 
binds to thioredoxin-interacting protein (TXNIP) thus prevents 
free TXNIP to activate NOD-like receptor thermal protein 
domain associated protein 3 inflammasome in ARPE-19 cells. 
Under OS, the inhibitory effect is lost with the dissociation of 
Trx1/TXNIP complex. While Nrf2 activates Trx1 and reduces 
TXNIP expression as well to alleviate NOD-like receptor 
thermal protein domain associated protein 3 inflammatory 
response[67]. Furthermore, Nrf2 deficiency is identified to amplify 
the imbalance of complement components and complement 
regulator proteins induced by cigarette smoke extract, thus 
mediate complement cascade in RPE cells[68]. The additional 
regulatory role of Nrf2 on mitochondrial function restoration, 
autophagy promotion and innate immune response further 
implicates its important factor in the development of AMD.
Complexity of Nrf2 Upstream Regulators and Signaling 
Pathways  The expression and activation of Nrf2 is delicately 
regulated by other molecules at the transcriptional, translational 
and post-translational levels. Multiple activated protein 
kinases such as extracellular signal-regulated kinase kinase 
kinase 1, transforming growth factor-beta-activated kinase, 
and apoptosis signal-regulating kinasephosphorylate sites 
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located within transactivation domain of Nrf2 and effectively 
induce Nrf2’s transcriptional activity[68]. For instance, a recent 
study pointed that under OS, the 43S pre-initiation complex is 
attached to Nrf2 mRNA by the far upstream element binding 
protein 1 protein, increasing the protein's affinity for Nrf2 
mRNA[69]. Besides, many non-coding miRNAs are also known 
to control the activation of Nrf2 by targeting the 3’-untranslated 
region or other upstream regulators[70]. Considering the 
complexity of Nrf2 upstream regulation, drugs targeting at 
other molecules may intentionally influence the expression 
and activation of Nrf2, and Nrf2 activators can influence other 
signal pathways partly due to their molecular structures as 
well. Tertiary butylhydroquinone, an Nrf2 activator, is proved 
to promote Akt phosphorylation, increase the level of p-Akt 
S473 protein thus activate phosphatidylinositol 3-kinase 
(PI3K)/protein kinase B (AKT) signal pathway[71]. Another 
famous Nrf2 activator, sulforaphane can modify many cellular 
proteins with its highly electrophilic isothiocyanate group[72-73]. 
Therefore, studying the upstream regulatory mechanism of 
Nrf2 has an important impact on the future development of 
drug therapy for AMD, and we will stress it detailedly in the 
next part.
Regulatory mechanism of Nrf2 expression  Under basal 
conditions, Nrf2 is sealed with Kelch-like erythroid cell-
derived protein (Keap1). Two motifs of Keap1, ETGE and 
DLG, interact with Neh2 domain of Nrf2 to mediate the 
degeneration of Nrf2[74]. The affinity to Keap1 of ETGE is 
about 200 times stronger than DLG[75], which determines 
that the ETGE-mediated interaction is tight and unalterable, 
therefore the presence or absence of DLG-driven interaction 
is decisive for the conformational change of Keap1/Nrf2 
complex[76]. DLG-driven interaction exists under normal 
circumstance, Nrf2 is degenerated via the proteasomal pathway 
to keep its levels low. While under OS, several cysteine 
residues within Keap1 can be phosphorylated modified, 
which leads to conformational changes in Keap1[77]. Although 
Nrf2 is still trapped with Keap1 then, the ubiquitination turns 
misaligned with Nrf2 lysine residues, and the degeneration of 
Nrf2 is restrained, thus allows the de-novo synthesized Nrf2 
to move into the nucleus[77]. After the nuclear translocation of 
Nrf2, it subsequently heterodimerizes with small Maf proteins 
and binds to the phase 2 anti-oxidant enzymes (ARE) within a 
DNA promoter, thus initiates the transcription of anti-oxidant 
and phase II detoxifying enzymes and neutralizes the increased 
levels of intracellular ROS[78].
The above processes are intricately regulated within the cell 
and as shown in Figure 1. Despite Keap1, other molecules 
including p62 and recombinant cyclin dependent kinase 
inhibitor 1A (p21) also take part in the regulation of the 
nuclear translocation of Nrf2 via interacting with Keap1 or 

directly acting on Nrf2. p62 can stabilize Nrf2 and increase 
the nuclear translocation of Nrf2 by both sequestering Keap1 
to autophagic degradation and competing with Nrf2 for 
Keap1[79-80]. p21, a cyclin dependent kinase, directly interacts 
with Nrf2 at DLG motifs, and thus competes with Keap1 for 
Nrf2 binding, and compromise the ubiquitination of Nrf2[81]. 
Besides, many repressor proteins including BTB and CNC 
homology 1 (BACH1) can debilitate Nrf2’s transcriptional 
activity by preventing its binding to ARE[82]. Recently, Cai 
et al[46] summarized the drugs which have been shown to 
treat AMD through the Keap1-Nrf2-ARE pathway, further 
providing evidences of the regulatory mechanisms via Nrf2 
expression.
Noteworthily, glycogen synthase kinase 3β (GSK3β) is a 
vital negative regulator of Nrf2 that takes part in several 
steps of Nrf2 activation. Active GSK3β phosphorylates Nrf2 
in the Neh6 domain and facilitates the recognition of Nrf2 
by β-transducin repeat-containing proteins, an important 
substrate for the subsequent ubiquitination and proteasomal 
degradation of Nrf2[83]. Importantly, Nrf2 in the nucleus can 
still be transported outside of the nucleus. This process can 
be mediated by nuclear export sequence and is triggered by 
GSK3β-mediated phosphorylation of Nrf2[84]. Moreover, 
GSK3β phosphorylates the SRC-related kinase FYN, 
which subsequently translocated to the nucleus, where it 
phosphorylates Nrf2 at T568 and promotes the nuclear export 
and cytoplasmic degradation of Nrf2[85]. Together, these 
above stress the significant role of GSK3β in downgrading 
the expression of Nrf2. The activity of GSK3β is precisely 
regulated by a number of upstream regulators such as active 
kinases according to the level of cellular OS to maintain 
cellular redox homeostasis[86]. As GSK3β being suggested to be 
one of key nodes of pathological changes related to aging and 
aging-related diseases[87-88], this regulatory network of GSK3β/
Nrf2 signaling has also received more attention[89].
All in all, under OS, the anti-oxidant response mediated by 
upstream factors mainly focuses on promoting cytoplasmic 
Nrf2 protein abundance, increasing Nrf2 transcriptional activity 
and inhibiting Nrf2 nuclear exportation. These multiple-step 
signaling mechanisms may have a synergistic effect, increasing 
Nrf2 activation in the nucleus with ultrasensitivity[90]. 
As the upstream regulatory molecules target on the mentioned 
above key molecules especially GSK3β might be potential 
effective targets for the treatment of AMD, below we will 
illustrate the upstream regulatory molecules of Nrf2 reported 
by existing literatures, and their potential mechanisms and 
regulatory relationships are shown in Figure 1 and Table 1[91-116].
Pathways that regulate Nrf2 activation
1) AMPK signal pathway  Under OS, AMP-activated 
protein kinase (AMPK) becomes activated as the intracellular 
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Table 1 The cellular upstream regulators of Nrf2 and their acting mechanisms in RPE cells

Regulation sites Mechanism Upstream regulators

Regulate on mRNA and protein levels of Nrf2 Repress the mRNA and protein levels of Nrf2 APE1[91]

Increase the mRNA and protein levels of Nrf2 PGC-1α[92], TSPO ligands[93], MITF[94]

Regulate the depletion of Nrf2 in cytoplasm Reduce the expression of Keap1 miR-141[95], miR-125b[96], miR-626[97]

Phosphorylate Nrf2 and change the conformation of Nrf2/Keap1 complex PERK[98], MAPK[99]

Promote the p62-assisted depletion of Keap1 AMPK[100], mTORC1[101-102], PERK[103]

Inhibit βTrCP-triggered degradation of Nrf2 mediated by GSK3β AMPK[104], Wnt[105], AKT[106]

Decrease p21 and promote the ubiquitination of Nrf2 APE1[91]

Inhibit CUL3 to prevent the proteasomal degenerated of Nrf2 miR-601[107]

Regulate the binding of Nrf2 to ARE Down-regulate BACH1 to inhibit it competing with Nrf2 for ARE sites AMPK[108]

Regulate the transactivation of Nrf2’s 
target genes

Phosphorylate S374, S408 and S443 in Nrf2 AMPK[109]

Form bZIP dimers with Nrf2 and promote the expression of HO-1 ATF4[110]

Unknown TSPO ligands[111]

Regulate the nuclear export of Nrf2 Phosphorylate Nrf2 in the cytoplasm at S558 AMPK[112]

Inhibit FYN-mediated nuclear exclusion of Nrf2 AMPK[104], Wnt[113], AKT[106]

Regulate other vital regulators of Nrf2 Phosphorylate and activate AMPK Sirt1[114], PERK[115]

Maintain the expression of MAPK kinases CHOP[116]

Bind to the promoter region of PGC-1α gene and positively regulate 
PGC-1α expression

MITF[94]

Nrf2: Nuclear factor erythroid 2-related factor 2; APE1: Apyrimidinic endoclease 1; PGC-1α: Peroxisome proliferator-activated receptor gamma 

coactivator-1 alpha; TSPO: Translocator protein; MITF: Microphthalmia-related transcription factor; Keap1: Kelch-like ECH-associated protein 1; 

PERK: Protein kinase RNA-like ER kinase; MAPK: Mitogen-activated protein kinase; p62: Sequestosome-1; AMPK: AMP-activated protein kinase; 

mTORC1: Rapamycin complex 1; βTrCP: β-transducin repeat-containing protein; GSK3β: Glycogen synthase kinase-3β; Wnt: Wingless; AKT: 

Protein kinase B; p21: Cyclin-dependent kinase inhibitor 1A; APE1: Apyrimidinic endoclease 1; CUL3: Cullin 3; BACH1: BTB and CNC homology 1; 

ARE: Anti-oxidant response element; HO-1: Heme oxygenase 1; ATF4: Activating transcription factor 4; CHOP: C/EBP homologous protein.

Figure 1 The cellular regulatory mechanism of Nrf2 expression in RPE cells  → represents direct activation, →→ represents indirect activation, 

⊥ represents inhibition. AMPK: AMP-activated protein kinase; PERK: Protein kinase RNA-like ER kinase; mTORC1: Rapamycin complex 1; p62: 

Sequestosome-1; APE1: Apyrimidinic endoclease 1; Cul3: Cullin 3; Keap1: Kelch-like ECH-associated protein 1; Nrf2: Nuclear factor erythroid 

2-related factor 2; MAPK: Mitogen-activated protein kinase; p21: Cyclin-dependent kinase inhibitor 1A; PPARγ: Peroxisome proliferators-

activated receptorsγ; PGC-1α: Peroxisome proliferator-activated receptor gamma coactivator-1 alpha; MITF: Microphthalmia-related 

transcription factor; TSPO: Translocator protein; S1R: Sigma-1 receptor; BACH1: BTB and CNC homology 1; AER: Anti-oxidant response element; 

sMaf: Smooth minor allele frequency; GSK3β: Glycogen synthase kinase-3β; Wnt: Wingless; AKT: Protein kinase B.
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energy status is disturbed, and phosphorylates a number 
of downstream substrates to trigger downstream signaling 
cascades, thus catalyzes energy metabolism and maintain 
cellular homeostasis[117-118]. In the retina of mice lacking 
apolipoprotein E, which is thought to be a useful model of 
early AMD, the expression of Ataxia-telangiectasia mutated 
proteins/AMPK pathway is decreased[119]. The activation of 
AMPK signaling increases the resistance of RPE to the oxidant 
injury, and reverses the epithelial-mesenchymal transition of 
RPE and drunsen formation[120-121]. Some pharmacological 
studies pointed that the effects of AMPK inflict on oxidant 
stress stem partly from its regulation of Nrf2. Bisphenol 
A, a commonly used environmental hormone, reduces the 
phosphorylation of AMPK and suppressed the expression 
of Nrf2, inducing ROS generation, mitochondrial injury and 
cytotoxicity in ARPE-19 cells[122]. Conversely, activators 
of AMPK signaling, including LB-100 and PF-06409577, 
increase Nrf2 expression and inhibit ultra-violet radiation-
induced RPE cells injuries and apoptosis[123].
Activated AMPK can directly phosphorylate Nrf2 in the 
cytoplasm at S558 to inhibit its nuclear exclusion thus promote 
its nuclear accumulation[124]. Also, S374, S408, and S443 in 
Nrf2 are identified to be directly phosphorylated by AMPK, 
although these sorts of phosphosites seem to be useless for the 
stabilization and nuclear accumulation of Nrf2, they participate 
in the transactivation of Nrf2’s target genes[112]. Furthermore, 
Chen et al[109] pointed that in RPE cells, AMPK signaling 
also promotes the coexpression of p62 and Keap1 and boosts 
p62-assisted depletion of Keap1, leading to enhancement of 
nuclear Nrf2 expression. This effect has been suggested to be 
mediated by the phosphorylation of p62 at S294[100]. AMPK 
also indirectly regulates the expression of Nrf2 through 
phosphorylating GSK3β at S9 to inhibit βTrCP-triggered 
degradation of Nrf2 and FYN-mediated nuclear exclusion of 
Nrf2[125]. Finally, it also down-regulates BACH1 at the mRNA 
and protein level and inhibits it competing with Nrf2 for ARE 
sites[104]. 
Compared with other downstream targeting genes of AMPK, 
Sirtuin 1 (Sirt1) and peroxisome proliferator-activated receptor 
γ coactivator 1α (PGC-1α) are focused more in the pathological 
process of AMD. AMPK phosphorylates PGC-1α and activates 
Sirt1, which deacetylates PGC-1α and triggers its activation. 
These three might act as an orchestrated regulatory network for 
metabolic homeostasis[126]. There are two opposing divergent 
opinions regarding the effect of deacetylation of Nrf2 by Sirt1 
on Nrf2 activity. The earliest study pointed that the acetylation 
of Nrf2, which mainly happens in its Neh1 domain, enhance 
binding of Nrf2 to the ARE, while deacetylation conditions 
caused a decrease in Nrf2-dependent gene transcription 
through facilitating the accessibility of the relevant nuclear 

export signal and leading to the relocalization of Nrf2 
to the cytoplasmic compartment[127]. But till now, Sirt1’s 
involvement in up-regulating the expression and activation 
of Nrf2 is thought to be a mechanism for its treatment for 
AMD. Astragaloside-IV was shown to alleviate the increased 
contents of ROS and oxidized glutathione and protect ARPE-19 
cells from oxidant damage through increasing protein and 
mRNA levels of Sirt1 and promoting the nuclear localizing of 
Nrf2[128]. Recent epidemiology study pointed that people who 
administrate glucosamine orally or parenterally have a lower 
risk for dry AMD[129], and Han et al[130] speculated that the 
reason might be that this up-regulates the O-GlcNAcylation of 
Sirt1 at S549 and subsequently amplify its deacetylase effects 
on Nrf2. The participation of the third factor might explain its 
anti-oxidant functions and its two opposite effects mentioned 
above on Nrf2. Despite activating PGC-1α, Sirt1 can also in 
turn deacetylate and thereby stabilize serine-threonine kinase 
11, thus phosphorylate and activate AMPK, which up-regulates 
Nrf2[131]. Besides, Sirt1 was found to increase the expression 
of anti-oxidant genes, including manganese-containing SOD, 
HO-1, and NAD(P)H:quinine oxidoreductase 1 through a 
forkhead box protein O3-dependent mechanism[132-133].
As an important molecule targeting at mitochondrial biogenesis 
and anti-OS response, increasing studies have shown that 
PGC-1α plays a crucial role in the AMPK signaling’ mediation 
of mitochondrial ROS reduction in AMD[134]. Fed PGC-1α+/− 
mice with a high-fat diet to induce OS and the mice with 
ablated PGC-1α shown elevated ROS levels, increased 
inflammation and obvious RPE degeneration[135]. In RPE 
cells exposed to blue light, the expression of the PGC-1α is 
induced by sulforaphane treatment, resulting activated nuclear 
translocation of Nrf2 and increased expression of HO-1 gene 
and production of glutathione[72]. However, the relationship 
between PGC-1α and Nrf2 might not be unidirectional. Blasiak 
et al[136]. generated the NRF-2/PGC-1α double knockout 
(dKO) mouse model in which these two genes dominated the 
occurrence of retinal degradative changes. The RPE cells of 
dKO mice suffered intense mitochondrial injury, autophagic 
clearance system impairments and obvious age-dependent 
RPE degeneration and AMD-like phenotypes, suggesting a 
potential overlapped and synergistic functions of PGC-1α 
and Nrf2 in combating the OS in RPE cells. Furthermore, in 
a model of aging mice obtained by l-buthionine sulfoximine 
treatment, with continuous decline of glutathione, PGC-1α 
coactivates Nrf2, adaptively increasing the expression of 
SOD2 and γ-glutamylcysteine synthetase and buffering the 
harmful effects of increased SOD2, ROS concentration. 
While the silencing of PGC-1α by RNAi caused decreased 
SOD2 and γ-glutamylcysteine synthetase protein contents, 
also demonstrating regulatory effects of PGC-1α to Nrf2[137]. 
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However, the molecular interaction between Nrf2 and PGC-1α 
is still unknown. Although it has been acknowledged that 
PGC-1α can act as a transcriptional coactivator thus activate 
transcription factors including Nrf2[138], the evidence that can 
prove the direct binding of Nrf2 to PGC-1α in vitro, even it 
happens, the exact action sites of PGC-1α on Nrf2 has not been 
discussed neither. Besides, while St-Pierre et al[139] has reported 
that PGC-1α promoter for binding sites of transcription factors 
related to OS holds an ARE consensus sequence for the binding 
of Nrf2, the regulatory function of Nrf2 on the promoter of 
PGC-1α upon OS has not been observed yet. Together, the 
interaction between them is probably mediated by a third party 
factor, and one dominant hypothesis pointed that peroxisome 
proliferator-activated receptor γ (PPARγ) might be the key 
factor. Under oxidant stress, PGC-1α acts as transcription 
factor and activates PPARγ, which subsequently stimulates the 
transcription of Nrf2[92,140]. Nrf2 can also bind to the promoter 
region of PPARγ and stimulate its own transcription[141-142]. 
Whether the complex interaction between Nrf2 and PGC-1α 
occurs in the RPE cells and the specific mechanism still need 
more study.
2) Wnt/β-catenin pathway  The wingless (Wnt) signaling 
pathway is a profoundly conserved cell communication 
pathway that mediates multiple cellular processes like 
proliferation, differentiation, apoptosis and carcinogenesis[143]. 
Noteworthily, according to Zhou et al[144], stimulation of 
the canonical Wnt pathway is sufficient to cause OS and 
dramatically upregulates the expression of vascular endothelial 
growth factor, nuclear factor κB, and tumor necrosis factor 
(TNF). Beside, Wnt signaling is also involved in the epithelial-
mesenchymal transition of RPE cells, which is a typical 
pathological manifestation of RPE in AMD[145]. Haines et al[146] 
found that a single-nucleotide polymorphism in lipoprotein 
receptor-related protein 6, a Wnt receptor, is related with 
risk for AMD, also indicating the link between dysregulated 
Wnt signal pathway and AMD. Ebrahimi et al[147] pointed 
that in RPE cells, the interactive decline in Wnt and Nrf2 
signaling resulted in dysfunction and apoptosis of RPE and 
an AMD phenotype. The link between both Wnt pathway and 
Nrf2 pathway appears to be GSK3β. When facing negative 
regulators of Wnt signaling, including conditions of OS, 
inflammation and aging, without Wnt signals, the β-catenin, the 
key player of Wnt signal, is phosphorylated by GSK3β at the 
β-catenin destruction complex consisting of GSK3β, Axin1 and 
activated protein C. Then β-catenin is subsequently degraded, 
thus the Wnt signal pathway is antagonized[148]. While 
activated Wnt ligands inactivate GSK3β with phosphorylated 
dishevelled proteins and stabilize both β-catenin and Nrf2[113]. 
However, crosstalk between Wnt and Nrf2 pathways has also 
been reported as impaired Nrf2 signaling causes decreased 

Wnt activation directly or indirectly. On one hand, Nrf2 
reverses repressed Wnt signaling by executing anti-oxidative 
functions. Shin et al[105] demonstrated that exogenous H2O2 
treatment both decreased the amount of endonuclear β-catenin 
and the subsequent Tcf/Lef-dependent transcription of its target 
genes. On the other hand, in ARPE-19 cells, Nrf2 knockdown 
is found to directly reduce β-catenin, increase p-Gsk3β, and 
reduce the expression of cyclin D, which is a downstream 
molecule of Wnt signaling, indicating that Nrf2 influences Wnt 
signaling[147]. The effects of activated Wnt pathway in RPE 
cells during the progress of AMD is so complicated that further 
researches are need before trying to target on the Wnt/Nrf2 
signaling.
3) PI3K/Akt/mTOR signal pathway  PI3K/Akt signaling 
also contributes to a number of physiological functions and 
cellular processes including proliferation, differentiation, 
survival, metabolism and apoptosis[149]. It has been evidenced 
to contribute to alleviating OS and relieving induced cell 
damage[150], these effects are considered to be closely 
connected with Nrf2, an essential downstream target of PI3K/
Akt signaling pathway[151].
In AMD, PI3K/Akt/Nrf2 signaling pathway is activated by 
H2O2 stimulation and ROS accumulation, which has been 
evidenced to exert cytoprotective functions on RPE cells and 
modulate oxidative-induced RPE cell death[151]. Piceatannol 
treatment resulted in Nrf2 signaling activation and increased 
transcription of anti-oxidant genes in RPE cells, which can 
be dramatically blocked by PI3K/Akt inhibitor[150]. These 
results suggest that PI3K-regulated Nrf2 activation plays vital 
roles in protecting against accumulated oxidative injury in 
the RPE. However, Chen et al[152] pointed that while in PRE 
cells, PI3K inhibitor can suppress Nrf2 activation induced 
by 20 μmol/L 4-hydroxy-2-nonenal (HNE), the major lipid 
peroxidation product in the RPE, it failed to protect PRE cells 
from cell death induced by higher dose of HNE, suggesting that 
PI3K/Akt pathway might not be the pathway contributing in 
RPE cell apoptosis caused by high-dose HNE, and the effects 
of PI3K/Akt/Nrf2 pathway various due to different levels of 
OS. Although exist evidence mentioned that Nrf2 nuclear 
translocation was dynamically balanced with the regulation 
of PI3K pathway in RPE cells[153], the specific regulatory 
mechanism still remains unclear. There is no evidence that Akt 
can directly phosphorylate or activate Nrf2 yet. It is suggested 
that GSK3β may link up between Akt and Nrf2 as it is 
phosphorylated at S21 and S9 and inactivated by Akt, and fails 
to lead to the degradation of Nrf2 and FYN-mediated nuclear 
exclusion of Nrf2 as we previous mentioned[154].
Mammalian target of rapamycin (mTOR) is a relatively 
large serine/threonine protein kinase and is one of crucial 
downstream targets of PI3K/Akt signaling pathway[155]. 
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mTOR is present in two heteromeric protein complexes: mTOR 
complex 1 (mTORC1) and mTOR complex 2 (mTORC2), 
among which mTORC1 is involved in regulating transcription 
and translation, cell cycle, autophagy and is frequently 
studied in AMD[156-157]. Salvianolic acid A phosphorylated 
Akt at S6 in APRE19 cells treated with oxidized-low-
density lipoprotein (ox-LDL), promoted the Keap1/Nrf2 
disassociation, activated Nrf2 and decreased the ROS levels. 
mTORC1 inhibitor significantly abolished Sal A-induced 
Nrf2 expression, indicating that Salvianolic acid A’s efforts on 
Nrf2 activation and cytoprotection is mediated by PI3K/Akt/
mTORC1 activation in RPE cells[158]. Besides, keratinocyte 
growth factor is identified to interact with keratinocyte growth 
factor receptor, thus activate Akt/mTORC1/Nrf2 signaling 
and counteract ultraviolet-induced RPE cell damage[159]. 
The activated mTORC1 induces the mTORC1-dependent 
phosphorylation of p62 at S351 of the Keap1-interacting 
region, rising the p62’s affinity for Keap1 and leading to the 
sequestration of Keap1 and the stabilization of Nrf2[160-161]. On the 
other hand, the activation of mTORC1 induces the expression 
of sestrins[162], the culminated sestrins further interact with p62 
and activate the p62-mediated autophagy of Keap1[163]. Then 
Nrf2 is able to translocate from cytoplasm to nucleus. Note 
that p62 activation is also crucial for mTORC1 activation, as it 
in turn interacts with the mTORC1 components Raptor, RagC 
protein and TNF receptor associated factor 6 in an amino 
acid-dependent manner, and leads to mTORC1 activation[164]. 
However, the regulatory relationship between mTORC1 and 
Nrf2 is not unidirectional, first of all, as we have mentioned 
before, p62 itself is one of the downstream targets of Nrf2, 
which forms a regulatory positive feedback loop between 
mTORC1 and Nrf2[165-166]. This regulatory mechanism has 
received extensive study under a variety of physiological 
situations, and it is thought to be a key target for medications 
to treat neurodegenerative illnesses including Alzheimer’s 
and Parkinson’s disorders[167], it might also be useful in the 
treatment for AMD. Additional research suggested that Nrf2 
regulates mTORC1 through interacting with AMPK, study 
pointed that the knockdown of Nrf2 leaded to the activation 
of AMPK and consequently to the inhibition of mTOR 
signaling[168-169]. According to previous studies, AMPK can 
inactivate the mTORC1 by directly phosphorylating two 
conserved serine residues on Raptor, a regulatory associated 
protein of mTOR[170]. Besides, Nrf2 also improves mTOR 
activity via increasing the expression of Ras related GTP 
binding D, the mTOR activator[171], and directly regulates 
the mTOR promoter activity[172]. Whether this regulatory 
mechanism occurs in RPE cells is still an open question.
4) PERK-dependent activation of Nrf2  In PRE cells, the 
endoplasmic reticulum (ER) safeguards transmembrane and 

secretory protein synthesis folding thus widely regulates cell 
stress and apoptosis, maintain cell homeostasis and ensuring 
RPE cells’ critical functions[173], but when RPE cells are 
under OS, ER stress (ERS) will occur[174], giving rise to a 
mass of unfolded proteins and subsequent unfolded protein 
response[175]. The induction of ERS is also identified to promote 
the activation Nrf2 in RPE cells.
The unfolded protein response mainly contains three ER 
transmembrane ERS sensors that mediate three corresponding 
signal pathways: activating transcription factor 6, inositol-
requiring enzyme 1 and phosphorylated- protein kinase r-like 
ER kinase (PERK)[176]. Among them, the PERK pathway 
is the instant early-response pathway[177], activated PERK 
phosphorylated eukaryotic initiator factor 2α (eIF2α) and 
then promotes activating transcription factor 4 (ATF4) 
translation[178-179]. PERK has been shown to phosphorylate 
site lying within the amino terminus of Nrf2, trigger a 
conformational change of Nrf2/Keap1 complex and thus 
activate Nrf2[98,180]. Besides, another study indicated that in 
cells affected with hepatic lipotoxicity, PERK also activates 
the p62-mediated regulation of Keap1-Nrf2 pathway via 
stimulating the phosphorylation of p62 at S351 by AMPK[164] 
and directly phosphorylating p62[103]. Interestingly, ATF4 is 
assumed to form classical bZIP dimers with Nrf2 through their 
leucine zipper structures, and the dimers tied to the SrRE sequence 
of ho-1 gene to govern the expression of HO-1[110]. Whether these 
effects occur in RPE cells remains to be investigated. ATF4 
also activates the transcription of the C/EBP homologous protein 
(CHOP), an essential protein for pro-apoptotic process[179,181]. 
CHOP ablation decreased cell viability in ARPE-19 cells under 
OS induced by CES[182]. Report suggested that knockdown of 
CHOP suppresses Nrf2 expression and Nrf2 overexpression 
also reduces CHOP in RPE cells, which indicated the potential 
mutual regulation between Nrf2 and CHOP[116]. They also 
found that knockdown of CHOP decreased phosphorylated 
p38 mitogen-activated protein kinase[116]. While Nrf2 
phosphorylation at S40 by mitogen-activated protein kinases 
is identified to facilitate Nrf2’s dissociation from Keap1 thus 
promote its nuclear localisation[183], suggesting that CHOP 
knockdown to some extend down-regulates Nrf2 through 
MAPK pathway.There have been theories about the methods 
by which Nrf2 affects CHOP induction, such as: Nrf2 inhibits 
the binding of other transcription factors to the CHOP 
promoter by acting as a direct transcriptional repressor and 
Nrf2 target genes influence CHOP expression directly[180,184].
X-box binding protein 1 (XBP1) is a transcriptional repressor 
belonging to cAMP response element binding/activating 
transcription factor basic region-leucine zipper family. 
Under ERS, inositol-requiring enzyme 1, another ERS 
sensor, splices XBP1 into spliced XBP1 protein, which then 
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translocates into the nucleus and regulates the expression of its 
targeted genes[185]. Recent study shown the XBP1 activation 
may increase Nrf2 activity through a post-transcriptional 
mechanism, the overexpression of spliced XBP1 induced 
obvious increase of Nrf2 protein levels in both nuclear and 
cytoplasm of RPE cells, while the knockout of XBP1 gene or 
suppression of XBP1 splicing with pharmacological inhibitor 
greatly diminishes Nrf2 levels in the RPE[186]. Given the lack 
of relative studies, the specific mechanisms are still unknown.
Signal molecules regulating Nrf2 activation
1) APE1  Apurinic/apyrimidinic endonuclease 1/Redox 
Factor-1 (APE1/Ref-1) is known as is the major apyrimidinic 
endonuclease that highly expressed in choroidal, retinal 
pericytes and RPE cells[187]. It repairs DNA damage caused 
by OS, alkylating agents, and ionizing radiation[188]. Besides, 
the redox function of APE1 reinforces the DNA binding 
of a number of redox-responsive transcription factors, by 
which APE1 widely participates in modulating cell stress 
responses[189]. Although previous work performed in K562 
human erythroleukemic cell line implied the role of APE1 in 
enhancing Nrf2’s binding to ARE[190], this positive effects on 
Nrf2 may not be universal and its role in RPE still need to be 
revisited. APX3330 (also called E3330) is identified as a small 
molecule that inhibits APE1 redox function without affecting 
its DNA repair endonuclease function[191]. Li et al[192] pointed 
that E3330 treatment remarkably decreases the accumulation 
of ROS and restored the effect of OS on Nrf2 activity induced 
by ox-LDL in RPE cells, suggesting that the activation of 
Nrf2 under OS in RPE cells is partially inhibited by APE1. An 
earlier study carried by Fishel et al[91] also demonstrated that 
the repression of APE1 with E3330 vigorously activates Nrf2 
and its downstream targets in a dose-dependent manner in 
primary pancreatic ductal adenocarcinoma tumor cells. They 
pointed that APE1 represses Nrf2 expression in mRNA level 
and also represses the expression of p21 gene. As we have 
mentioned above, p21 directly interacts with Nrf2 and thus 
compromises the ubiquitination of Nrf2. These above together 
may contribute to the downgraded effects of APE1 on Nrf2.
2) S1R/S2R  Sigma receptors were classified as Sigma-1 
receptor (S1R) and Sigma-2 (S2R) receptor, S1R forms 
complexes with its binding protein in the plasma membrane, 
the ER membrane, and the nuclear envelope[193]. The complexes 
transform from ER membrane to the nuclear membrane and 
perform the function when interact with its ligands[194]. S2R, 
also called TMEM97, was only identified recent as an ER 
resident protein and much less is known about its functional 
role[195-196]. S1R is highly expressed in distinct types of retina 
cells including Müller cell, photoreceptor cell[197], retinal 
ganglion cell[198] and RPE cell[197,199], despite that researches 
related to S2R are deficient, the expression and prominent 

functions of S2R in photoreceptor cells and RPE cells have 
also been reported[197,200]. These together indicate their potential 
physiological and pathophysiological functions in the progress 
of retinal diseases. A recent study observed severer oxidative 
damage in RPE layer under NaIO3 treatment of S2R knockout 
mice, the lack of S2R resulted in diminished abundance of 
Nrf2 protein and its target gene products, therefore heightened 
OS and enhanced autophagy[201], indicating that S2R could 
play a role in alleviating OS by regulating Nrf2 in RPE. 
However, the definitive mechanism underlying the regulation 
is still unknown due to lack of research. S1R has been proved 
to execute anti-oxidant protective effects in other constituent 
cells of the retina including retinal photoreceptors and Müller 
cells. S1R is suggested to co-localize with Nrf2 and increase 
Nrf2-ARE binding, rather than inhibiting Keap1-Nrf2 binding 
in retinal photoreceptor cell line[202]. While in Müller cells 
of mice, the absence of S1R resulted in decreased Nrf2 gene 
and protein expression, as well as increased Keap1 gene and 
protein expression and an obvious decrease in Nrf2-ARE 
binding activity in Müller cells of mice[203].The differences 
suggest the possibility that S1R regulates the activation of 
Nrf2 in a cell-specific manner. Its effects in RPE will require 
further studies. Importantly, although both S1R and S2R are 
observed to positively regulate Nrf2’s activity, their effects and 
underlying mechanisms can not be simply correlated as both 
the coding genes and functions are different between S1R and 
S2R.
3) TSPO  Translocator protein (TSPO) is thought to 
be connected with Ca2+ homeostasis, steroid synthesis, 
mitochondrial transition pore regulation, the generation of ROS 
and the production of energy from nutrients, and the regulation 
of cholesterol efflux[204]. TSPO is highly expressed in retina 
component cells, and notably, RPE cells have considerable 
and constitutive TSPO expression[205], indicating its potential 
important functions in RPE cells. 
Evidences proved the connection between TSPO, Nrf2, and 
AMD. RPE cells of aging mice showed diminished expression 
of TSPO and decreased cholesterol efflux, and TSPO ablation 
resulted in increased absorption and aggregation of ox-LDL, 
and higher production of ROS[206]. A recent research reported 
that TSPO ligands protect human RPE cells cultured with 
reactive microglia supernatants and lysosomal destabilizer 
by activating Nrf2 signal and thus elevating the expression 
of its downstream anti-oxidative enzymes. They also showed 
that three tested TSPO ligands (XBD173, PK11195, and Ro5-
4864) display different effects on stressed RPE cells, while all 
three TSPO ligands significantly increased both mRNA and 
protein levels of Nrf2 and its downstream genes. PK11195 
and Ro5-4864 significantly upregulated the gene and protein 
levels of HO-1, and XBD173 only increased the expression 

Nrf2 in AMD pathogenesis



1353

Int J Ophthalmol,    Vol. 17,    No. 7,  Jul. 18,  2024        www.ijo.cn
Tel: 8629-82245172     8629-82210956      Email: ijopress@163.com

of glutaredoxin-1 and thioredoxin-1[93]. The underlying 
mechanism is still unknown as related study is scarce, but the 
results to some extent revealed the possibility of activating 
Nrf2 via regulating TSPO ligands signals as a potential 
beneficial treatment for AMD.
4) MITF  Microphthalmia associated transcription factor 
(MITF), a member of basic helix-loop-helix leucine zipper 
transcription factors, is known to play a prominent role in 
promoting the differentiation of RPE cells and regulating the 
proliferation of the RPE during development[207]. The MITF 
gene expression declined in the aging mouse retina compared 
with young mice, giving rise to dramatically higher ROS 
levels in RPE and retina[208], while the overexpression of MITF 
reduced the level of OS in ARPE-19[209]. MITF is found to 
directly regulate the transcription of Nrf2, promote its nuclear 
translocation[94] and regulate Nrf2’s activity indirectly by via 
binding to the promoter region of PGC-1α gene thus positively 
regulating PGC-1α expression[210]. Besides, as a downstream 
gene of β-catenin, the transcription of MITF can be influenced 
by the phosphorylation of GSK3β[211-212], suggesting that any 
upstream regulators of Nrf2 that mediate GSK3β may also 
affect Nrf2 via MITF signaling. Those findings indicate that 
MITF regulation of Nrf2 might be related to the oxidative 
response in RPE and thus influence the progress of AMD, and 
point the possibility of MITF acting as a potential target for the 
treatment for AMD.
miRNAs regulation of Nrf2  Both clinical and experimental 
AMD Studies suggest that miRNAs are closely relevant to 
AMD pathobiology. miRNAs can influence the activation of 
Nrf2 and regulate the cellular anti-oxidant response with multiple 
different mechanisms, which include directly modulating the 
expression of Nrf2, mediating the nuclear import and export of 
Nrf2 and indirectly regulating upstream regulators including 
Keap1 of Nrf2[213]. The potential molecular mechanisms of 
some upstream miRNAs of Nrf2 found in RPE cells including 
miRNA-141[214] and miRNA-601[107] have been discussed in 
cancer studies[215-216]. miRNA-141 is shown to activate Nrf2 by 
reducing the production of Keap1[95]. miR-601 targets Cullin-3 
(CUL3) and mediates the proteasomal degenerated of Nrf2[205]. 
Here we will discuss some newly found miRNAs upon Nrf2 
signaling in RPE cells. CYLD-AS1, a novel oxidation-related 
lncRNA, sponges miR-134-5p thus indirectly mediates the 
activity of Nrf2 signaling, protecting RPE cells from OS 
damage and especially sustaining the normal functions of 
mitochondria[217]. Xu et al[97] found that, either in ARPE-19 
cells and primary human RPE cells, miRNA-626 targets on 
3’-UTR of Keap1, retardants the subsequent ubiquitination 
and degeneration of Nrf2, stimulates the stabilization and 
nuclear translocation of Nrf2 protein, results to increased 
expression of ARE-dependent genes, including HO-1, NOQ1 

and glutamate-cysteine ligase, and consequently protects 
RPE cells from H2O2 stimulation. Importantly, compared 
with healthy donors, plasma miRNA-626 levels were found 
obviously downregulated in AMD patients, which indicated 
that miRNA-626 is not only involved in the regulation of 
Nrf2 signaling cascade and the pathogenesis of AMD, it has 
the potential to act as a biomarker for AMD[97]. Likewise, the 
overexpression of miRNA-125b also inhibits Keap1 expression 
substantially, thus activates Nrf2 signaling[96], Additionally, 
miRNA-125b is demonstrated to induce the overexpression of 
peroxiredoxin-like 2A gene, which is thought to suppress the 
OS damage via regulating Nrf2 signaling in oral squamous cell 
carcinoma cells[218], whether the similar mechanism also exists in 
RPE cells is an open question. Besides, Jadeja et al[219] reported 
that overexpression of miRNA-144-3p and -5p participates 
in the reduced expression of Nrf2 and its downstream anti-
oxidant target genes, especially NQO1 and glutamate-cysteine 
ligase, and promotes the death of cultured human RPE. 
Collectively, these studies establish miRNA as potential targets 
for regulating Nrf2 activation, preventing the degeneration of 
RPE cells and reversing the development of AMD. 
Clinical Studies on Nrf2 Upstream Regulators Against 
AMD  Existing clinical researches have explicitly expounded 
the therapeutic role of the upstream regulators of Nrf2. 
Metformin, a noted activating agent of AMPK, has been 
proposed as a candidate drug for AMD by both pre-clinical 
and clinical studies. In a retrospective study, Jiang et al[220] 
demonstrated that the occurrence of AMD of diabetes 
mellitus type 2 patients with long-term use of metformin, was 
significant lower than non-users. In another case-control study 
including a total of 312 376 control participants, metformin 
use was also found to be correlated with reduced odds of 
developing AMD. This association was dose dependent, 
and low to moderate doses of metformin seemed to be most 
advantageous[221]. These studies suggest that metformin might 
be promising for the prevention and treatment of AMD, but 
as the results from existing researches are still mixed and the 
effects of metformin has not been quantified accurately yet, 
further prospective clinical trials are needed in the future.
CONCLUSION
A large number of studies indicate the OS and its subsequent 
series of pathophysiological changes in RPE cells play 
an important role in the onset and progress of AMD. As a 
key transcription factor in regulating antioxidant response 
and protecting against OS, Nrf2 may represent a potential 
therapeutic target for preventing AMD. Here we summarize 
the reported upstream regulatory factors and their possible 
working mechanisms, and try to provide more possible 
approaches to activate Nrf2 in addition to existing Nrf2 
inducers. However, despite the fact that the upstream 
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regulators of Nrf2 and their respective regulative mechanisms 
have been partly demonstrated by previous researches so far, it 
still has limitations and questions when we focus on it in AMD 
particularly. 
First, there is no perfect animal or cell model can completely 
mimicked AMD. Although mice have become a popular 
animal to stimulate AMD, they do not have maculas, which 
influences the results of experiments to some extent. Besides, 
ARPE-19 line, a cell line used in a couple of studies, may 
respond difficultly to the stressors as it does not fully mature 
and pigment. Second, when evaluating the upstream regulatory 
factors of Nrf2, most studies have focused on a single upstream 
signaling or a single molecule. However, the upstream 
regulatory system of Nrf2 is more like an interactive web. As 
we have mentioned above, GSK3β plays a vital role in the 
regulatory work of Nrf2 and it links several essential pathways 
with Nrf2, but when considering it as a potential target for the 
treatment for AMD, the complex interaction between these 
upstream factors should also be seriously concerned. Also, 
as the regulatory pathways mentioned below are involved in 
multiple physiological functions with numerous downstream 
targets, future similar researches need to always keep a 
watchful eye on the potential side-effects of influencing other 
essential cellular processes including the response of ER. 
Beside, although multiple miRNAs were found to directly 
mediate the activation of Nrf2, we should keep in minds 
that a single miRNA can modulate a complex network of 
multiple genes which is an important factor affecting the 
entry of relevant researches into clinical practice, and further 
investigations about the complex interactions of miRNAs 
with their diverse targets are required before inspecting the 
possibility of miRNAs-based therapeutic strategies in AMD. 
Thirdly, electrophilic activators of Nrf2 should be cautiously 
applied in the treatment of AMD as they have off-targets. Their 
physicochemical property enables them to interact and modify 
many cellular proteins. For example, sulforaphane is identified 
to modify hundreds of proteins involved in the regulation of 
inflammation and OS[212,222], which reminds us also to care 
about the additional reaction of Nrf2 inducers. Lastly, more 
experimental and clinical investigations need to be carried 
out in the future to further confirm the efficiency and safety of 
Nrf2 activators in AMD. Meanwhile, it deserves notice that the 
activation of Nrf2 also displays a detrimental side that it may 
support the progression of severe types of cancers[223].
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