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A B S T R A C T   

Esophageal adenocarcinoma (EAC) is the dominant form of esophageal malignancies in the United States and 
other industrialized countries. The incidence of EAC has been rising rapidly during the past four decades. Bar-
rett’s esophagus (BE) is the main precancerous condition for EAC, where a metaplastic columnar epithelium 
replaces normal squamous mucosa of the lower esophagus. The primary risk factor for BE and EAC are chronic 
gastroesophageal reflux disease (GERD), obesity and smoking. During the BE-dysplasia-EAC sequence, esopha-
geal cells are under a tremendous burden of accumulating reactive oxygen species (ROS) and oxidative stress. 
While normal cells have intact antioxidant machinery to maintain a balanced anti-tumorigenic physiological 
response, the antioxidant capacity is compromised in neoplastic cells with a pro-tumorigenic development 
antioxidant response. The accumulation of ROS, during the neoplastic progression of the GERD-BE-EAC 
sequence, induces DNA damage, lipid peroxidation and protein oxidation. Neoplastic cells adapt to oxidative 
stress by developing a pro-tumorigenic antioxidant response that keeps oxidative damage below lethal levels 
while promoting tumorigenesis, progression, and resistance to therapy. In this review, we will summarize the 
recent findings on oxidative stress in tumorigenesis in the context of the GERD-BE-EAC process. We will discuss 
how EAC cells adapt to increased ROS. We will review APE1 and NRF2 signaling mechanisms in the context of 
EAC. Finally, we will discuss the potential clinical significance of applying antioxidants or NRF2 activators as 
chemoprevention and NRF2 inhibitors in treating EAC patients.   

1. Introduction 

Oxidative stress results from an imbalance between the production of 
oxidants that are free radicals and reactive metabolites, including 
reactive oxygen species (ROS), reactive nitrogen species (RNS), and anti- 
oxidants that can eliminate ROS or RNS [1]. ROS are products of normal 
cellular metabolism processes. Mitochondria, where the electron trans-
fer to molecular oxygen occurs at the respiratory chain level, is the site 
to generate major ROS [2,3], such as superoxide anion (O2 − ), hydrogen 
peroxide (H2O2), hydroxyl radical (OH•-) as well as organic peroxides as 
normal product of the biological reduction of molecular oxygen. In 
addition, enzymatic reactions catalyzed by oxidases such as NADPH 
oxidases, cyclooxygenases, lipooxygenases, and peroxisomal oxidative 
metabolism, endoplasmic reticulum (ER) stress all generate ROS [2,3]. 
Under normal physiological conditions, cells have intact anti-oxidant 
systems to keep ROS tightly controlled at a low level (Fig. 1A). ROS is 

involved in multiple signaling pathways, such as proliferation and dif-
ferentiation. ROS plays a vital role in the cellular response to various 
intracellular environmental stimuli and extra-cellular environmental 
stimuli [4]. However, accumulation of ROS/RNS causes oxidative stress 
that poses potential damage to the cells by attacking macromolecules 
such as DNA, RNA, proteins and lipids. For example, oxidative stress 
leads to oxidative DNA damage, forming 8-hydroxydeoxy-guanosine 
(8-OHdG), the hydrolysis product of 8-hydroxyguanosine [5]. The 
8-OHdG is a pro-mutagenic lesion that mispairs with adenine, leading to 
GC to TA transversion [6]. The 8-OHdG is the most widely used oxida-
tive DNA/RNA damage marker [7,8] that has been strongly implicated 
in carcinogenesis [9–11]. 

Esophageal Cancer is the 7th most frequent human malignancies and 
remains the 6th cancer-related death worldwide [12]. There are two 
major histology types of Esophageal Cancer: Squamous Cell Carcinoma 
(SCC) and adenocarcinoma [13]. While the incidence of squamous cell 
carcinoma is declining in the Western world during the past few 
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Abbreviations 

ABS acidic bile salts 
ARE antioxidant response elements 
ALDH1 aldehyde dehydrogenase 1 
APE1 Apurinic/apyrimidinic endonuclease 1 
AP-1 activator protein-1 
ATBC Alpha-Tocopherol Beta Carotene 
BE Barrett’s esophagus 
BER base excision repair 
CAT catalase 
CSC cancer stem cell 
COSMIC Catalogue of Somatic Mutations in Cancers 
CREB cAMP response element binding protein 
DMF dimethyl fumarate 
ER endoplasmic reticulum 
EAC esophageal adenocarcinoma 
GERD gastroesophageal reflux disease 
GSK3 glycogen synthase kinase-3 
GPx glutathione peroxidase 
GR glutathione reductase 
GSH reduced glutathione 
GSSG oxidized glutathione 
GSTM glutathione S-transferase mu 
GSTT glutathione S-transferase theta 

GSTP glutathione S-transferase pi 
HO-1 heme oxygenase-1 
H2O2 hydrogen peroxide 
4-4-HNE hydroxy-2-nonenal 
HIF-1α hypoxia-inducible factor-1α 
JNK c-Jun N-terminal kinases 
KEAP1 kelch-like-ECH- associated protein 1 
MDA malondialdehyde 
NADPH Nicotinamide adenine dinucleotide phosphate 
NF-κB nuclear factor κB 
NRF2 nuclear factor erythroid 2-related factor 2 
NFE2L2 nuclear factor erythroid 2 like 2 
NQO1 NAD(P)H quinone oxidoreductase 1 
8-OHdG 8-hydroxydeoxy-guanosine 
ROS reactive oxygen species 
RNS reactive nitrogen species 
STAT3 signal transducer and activator of transcription 3 
SOD superoxide dismutase 
CuZn-SOD copper–zinc SOD 
Mn-SOD manganese SOD 
EC-SOD extracellular-SOD 
SELECT Selenium and Vitamin E Cancer Prevention Trial 
UGT UDP-glucuronosyltransferases 
USPSTF U.S. Preventative Services Task Force  

Fig. 1. Redox balance in normal, precancerous and neoplastic esophagus. 
A) ROS are by-products of normal cellular metabolism and activities. The mitochondria is the major site to produce ROS through the respiratory chain reactions 
(oxidative phosphorylation). Some enzymatic reactions such as NADPH oxidases, cyclooxygenases, lipooxygenases as well as peroxisomal oxidative metabolism, 
endoplasmic reticulum (ER) stress all generate ROS. However, normal cells have intact antioxidant machinery including antioxidant enzyme systems such as SOD, 
GPX, CAT, GR and antioxidant metabolites to keep ROS/antioxidants balance in low level. B) Under GERD, Barrett’s esophagus (BE) conditions, refluxes of acidic bile 
salts, inflammatory microenvironment and activation of inflammation promotion signaling pathways like NF-kB, Stat3 result in elevated ROS generation and 
accumulation. On the other hand, some of antioxidant enzymes, such as GPX3, GPX7 lost partial function. Consequently, oxidative stress often occur that leads to 
DNA damage and other cellular damage. C), In neoplastic esophagus (high grade dysplasia and EAC), ROS level further elevate due to mainly the activation of 
oncogenes, growth factors and fully dysfunction of some antioxidant enzymes (GPX3, GPX7). To avoid cell death due to high ROS level, neoplastic cells develop a 
pro-tumorigenic antioxidant mechanism by constitutively activating APE1-NRF2 master antioxidant machinery. The hijack of NRF2 by tumor cells regain redox 
balance in higher ROS levels that favors tumor cell survival. 
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decades, the prevalence of esophageal adenocarcinoma (EAC) has been 
rising rapidly in the US and other Western countries, becoming the 
dominant form of Esophageal Cancer [14–16]. EAC has three major risk 
factors: gastroesophageal reflux disease (GERD), obesity and smoking 
[16]. GERD is a condition in which the gastric contents mixed with bile 
salts reflux into the lower esophagus, causing acute and chronic in-
flammatory diseases [17]. Chronic GERD leads to Barrett’s Esophagus 
(BE) development, where the original esophageal squamous epithelium 
is replaced by a specialized metaplastic columnar epithelium [18,19]. 
BE is the major known precancerous condition with a risk of progression 
to low-grade dysplasia, high-grade dysplasia and finally, EAC [20,21]. 
Accumulating lines of evidence indicate that oxidative stress is involved 
in the GERD-BE-EAC progression cascades [22–24]. We will review 
oxidative stress in the context of Barrett’s related tumorigenesis. We will 
discuss the regulatory mechanisms and potential clinical significance of 
antioxidant activators as chemoprevention approach and inhibitors in 
EAC treatment. 

2. Increased oxidative stress during GERD-BE-EAC cascades 

Recurrent episodes of reflux of gastric juice and bile salts mixture 
into the lower esophagus are the unique characteristics of GERD-BE and 
EAC spectrum. We have demonstrated that a short-time exposure of 
esophageal cells to the acidic bile salts (ABS) to mimic a GERD episode 
led to significant generation of H2O2 levels and rapid elevation of 
intracellular ROS levels [22,25–28]. Subsequently, oxidative DNA 
damage levels (detected by 8-OHdG) and double strand DNA breaks 
(detected by γH2AX) were significantly increased after ABS exposure 
[22,25]. EAC is considered a model of oxidative stress and 
inflammation-driven cancer [29,30]. Chronic GERD induces chronic 
inflammation (esophagitis) that persists through the BE and EAC pro-
gression cascade. During the inflammation process, various inflamma-
tory cells, including mast cells, macrophages and leukocytes, are 
recruited to the site. As a result, an increased uptake of oxygen, so-called 
a “respiratory burst,” amplifies the release and accumulation of ROS at 
the site of damage [1,31]. 

The inflammatory cells produce various cytokines, chemokines and 
metabolites as soluble mediators, which promote further recruitment of 
inflammatory cells to the site of damage with more ROS production. We 
and others have demonstrated that ABS exposure and inflammatory 
cytokines and chemokines activate signal transduction cascades such as 
nuclear factor κB (NF-κB), signal transducer and activator of transcrip-
tion 3 (STAT3), and hypoxia-inducible factor-1α (HIF-1α) [30,32–34]. 
Activation of these oncogenic networks contribute to the generation of 
additional ROS. In line with the experimental observations, the signifi-
cant increase in ROS levels and oxidative DNA damage in BE-related 
lesions is confirmed in several experimental animal models [23,35] as 
well as in human BE and esophageal adenocarcinoma tissue samples 
[36–38] (Fig. 1). 

3. Dysfunction of anti-oxidant enzymes contributes to oxidative 
stress in Barrett’s tumorigenesis 

Normal cells possess intact anti-oxidant machinery to keep ROS level 
tightly controlled to counteract oxidative stress (Fig. 1A). The balance of 
oxidants/anti-oxidants is pivotal to maintain normal cellular functions 
and homeostasis [39–41]. The cellular anti-oxidant defense is comprised 
of the major enzymatic anti-oxidants that are directly involved in the 
neutralization of ROS (Fig. 1). Examples include superoxide dismutase 
(SOD), glutathione peroxidase (GPx), glutathione reductase (GR), and 
catalase (CAT) [42,43]. SOD is the first characterized anti-oxidant 
enzyme that includes three types: copper–zinc SOD (CuZn-SOD), man-
ganese SOD (Mn-SOD), and extracellular-SOD (EC-SOD). All of three can 
catalyze the dismutation of superoxide anion radical (O2 •-) into 
hydrogen peroxide (H2O2) by reduction [44]. The produced H2O2 is 
broken into water and oxygen (O2) by catalase (CAT) or glutathione 

peroxidase (GPx). The GPx enzymes remove H2O2 through oxidizing 
reduced glutathione (GSH) into oxidized glutathione (GSSG). Gluta-
thione reductase (GR) regenerates GSH from GSSG, using NADPH [42, 
43]. 

In addition, some metabolites, such as L-arginine, glutathione, co-
enzyme Q10, uric acid, lipoid acid, bilirubin, metal-chelating proteins, 
transferrin, and melatonin also play an essential role in cellular anti- 
oxidant defense [41,45]. 

Several genetic variations have been linked to the susceptibility to 
Barrett’s esophagus [46–48]. Among genes encoding anti-oxidant en-
zymes, variants of GSTP1 (such as rs1695 A>G missense variant), results 
in reduced enzymatic activity, frequently linked to risks of BE and EAC 
[49,50]. Variants of GSTT2 were different in African Americans, as 
compared with European Americans. These different variants are asso-
ciated with higher expression of the enzyme in African American. The 
findings may explain the inherent different susceptibility risk to Bar-
rett’s esophagus in the population [51]. Furthermore, there are accu-
mulating lines of evidence showing that the cellular anti-oxidants 
capacity is compromised during BE-EAC tumorigenesis (Fig. 1B) 
[52–55]. The first line of anti-oxidant enzyme, Mn-SOD, is down-
regulated in BE and EAC [55]. Several studies have demonstrated a 
significant reduction in the levels of glutathione contents with major 
glutathione S-transferases. We have shown frequent DNA hyper-
methylation and downregulation of multiple anti-oxidant enzymes in BE 
and EAC. These include glutathione peroxidases (GPX3 and GPX7), 
glutathione S-transferases (such as GSTM2, GSTM3, GSTM5) [56,57] 
and metallothionein 3 (MT3) [58]. Dysfunction of these anti-oxidant 
enzymes makes esophageal cells more sensitive to ABS exposure. It 
promotes oxidative stress and subsequent DNA damage [25]. Notably, 
some of these anti-oxidant enzymes such as GPX3 and GPX7 possess 
unique tumor suppressor functions, in addition to their anti-oxidant 
properties. For example, GPX3 has a tumor suppressor role in esopha-
geal adenocarcinoma [59], gastric cancer [60,61], breast cancer [62], 
prostate cancer [63], and colorectal cancer [64]. Similarly, GPX7 has 
anti-tumorigenic functions in esophageal [57], and gastric adenocarci-
nomas [65]. Therefore, dysfunction of these antioxidant enzymes not 
only compromises cellular antioxidant capacity but also favors tumor 
cell growth, a major contribution to Barrett’s tumorigenesis [57,66]. 

4. The rebalance of redox signaling in esophageal 
adenocarcinoma 

It is well documented that cancer cells possess higher ROS levels than 
normal or pre-cancerous cells [1,37,67,68]. Factors contributing to 
increasing ROS in cancer cells include activation of oncogenes (such as 
RAS and MYC), inflammatory microenvironments, and dysfunction of 
normal anti-oxidant enzymes. Other factors include extracellular stimuli 
such as exposure to reflux conditions, infection with H. pylori, radiation, 
and drug treatments (Fig. 1 C). However, excessive accumulation of ROS 
and subsequent oxidative DNA damage will incur serious DNA damage 
response that is lethal to cancer cells. Cancer cells must evolve to 
develop pro-tumorigenic anti-oxidant mechanisms that maintain onco-
genic activities while keeping ROS and oxidative stress below lethal 
levels. 

Nuclear factor erythroid 2-related factor 2 (NRF2) is a master anti-
oxidant transcription factor playing a central role in regulating the 
expression of hundreds of antioxidant genes to defend against toxic and 
oxidative insults [69–71]. NRF2 is encoded by NFE2L2 (Nuclear Factor, 
Erythroid 2 Like 2) gene and belongs to the Cap’n’Collar (CNC) sub-
family of basic leucine zipper (bZIP) transcription factors. NRF2 is 
constantly undergoing rapid ubiquitination and proteasomal degrada-
tion through its physiological inhibitor, KEAP1 (Kelch-like-ECH- asso-
ciated protein 1) [72,73] (Fig. 2A). However, when cells are under 
oxidative stress, the cysteine residues in KEAP1 are oxidized, leading to 
KEAP1 conformational changes that result in the release of NRF2 from 
KEAP1. As a result, the free and newly synthesized NRF2 is protected 

D. Peng et al.                                                                                                                                                                                                                                    



Redox Biology 41 (2021) 101894

4

from KEAP1-mediated ubiquitination and degradation. It accumulates 
and translocates to the nucleus where it binds to the antioxidant 
response elements (ARE) on the promoter region of its target genes 
(Fig. 2B). More than 250 NRF2 target genes were reported, including 
many genes that directly or indirectly possess antioxidant properties. 
Examples of NRF2 target genes include aldehyde dehydrogenase 1 
(ALDH1), NAD(P)H quinone oxidoreductase 1 (NQO1), glutathione 
S-transferases (GSTs), UDP-glucuronosyltransferases (UGTs), heme 
oxygenase-1 (HO-1), and glutathione reductase (GR) [74,75]. In addi-
tion to the canonical KEAP1-dependent activation of NRF2, several 
KEAP1-independent mechanisms regulate NRF2 expression and stability 
[74,76] (Fig. 2B). GSK3- α/β has been recognized as another NRF2 
negative regulator by targeting NRF2 to the SCF/β-TrCP-mediated 
degradation, which is reported to be more sensitive to metabolic 
changes [77–79]. HRD1, regulated by XBP1 [80], an endoplasmic re-
ticulum protein, has recently been reported as a novel E3 ubiquitin 
ligase responsible for compromised NRF2 response during liver cirrhosis 
[81]. A number of proteins can bind to KEAP1, disrupt the KEAP1-NRF2 
complex, leading to accumulation of NRF2, such as p62, an 
autophagy-related protein [82,83], dipeptidyl peptidase 3 (DPP3) [84], 
Wilms tumor gene on X chromosome (WTX) [85], and Partner and 
localizer of BRCA2 (PALB2) [86]. In addition, p21Cip1/WAF1 [87] and 
BRCA1 [88] can directly interact with NRF2, thereby disrupting the 
KEAP1-NRF2 complex to activate NRF2. 

Although NRF2 activation may reduce cancer risk by suppressing 
oxidative stress and tumor promoting inflammation, an increase in 
NRF2 expression and activity level has been observed in several cancer 
types [71,72,75]. The constitutive activation of NRF2 has been reported 
in several cancers through NFE2L2 genetic mutations [89,90]. We have 
shown that transient exposure of EAC cells to reflux conditions induced 
NRF2 accumulation and activation with upregulation of its target genes 

[91]. The induction of HO-1 and GR in these cells protect against 
ABS-induced oxidative DNA damage and apoptosis, in concordance with 
NRF2 basic antioxidant functions [91]. We observed that NRF2 was 
constitutively upregulated in neoplastic esophageal cells (dysplasia and 
EAC) and primary EAC samples. Surprisingly, NRF2 was not constitu-
tively up-regulated in non-neoplastic Barrett’s cells and tissues. Our 
analysis of COSMIC (Catalogue of Somatic Mutations in Cancers) data-
base indicated low incidence of mutation of NFE2L2 and KEAP1 in EAC 
(NFE2L2 in 6.6% (38/576) whereas KEAP1 in 1.22% (7/576)). There-
fore, the frequent constitutive overexpression of NRF2 in EAC is a 
non-mutational event that is likely independent of canonical KEAP1 
mechanisms. 

The Apurinic/apyrimidinic endonuclease 1 (APE1) (also known as 
APEX1 or redox factor 1 (REF1)) is one of the key enzymes of the base 
excision repair (BER) pathways in mammals. APE1 is the key enzyme 
required for repair of Apurinic/apyrimidinic (AP) sites, a major type of 
oxidative DNA damage lesions generated by ROS [92–94]. On the other 
hand, APE1 possesses redox activity that is required for activation of 
redox-dependent transcription factors such as HIF-1α (hypoxia inducible 
factor-1α) [95], NF-κB (nuclear factor-κB (NF-κB) [96], p53, CREB 
(cAMP response element binding protein) and AP-1 (activator protein-1) 
[94,97]. Recent studies indicate that APE1 is frequently overexpressed 
at the protein level in human cancers, including EAC [98–100]. APE1 
was also induced in response to ABS exposure in esophageal cells [100]. 
High levels of APE1 protect Barrett’s and EAC cells against oxidative 
DNA damage and DNA double stand breaks, promoting cell survival by 
regulating JNK and p38 kinases [100]. We have demonstrated that the 
APE1 redox activity is required for ABS-induced activation of 
EGFR-STAT3 signaling axis [33]. Activation of STAT3 is an important 
molecular landmark in carcinogenesis for many human malignancies 
[101,102], including gastrointestinal tract cancers [103]. Furthermore, 

Fig. 2. NRF2 regulatory mechanisms. 
A) three reported negative regulatory mechanisms of NRF2. KEAP1 is the first and major NRF2 negative regulator in cells. In normal condition, KEAP1 binds to NRF2 
and connects NRF2 to Cullin3 E3 ubiquitin ligase, leads to NRF2 degradation in proteasome. In addition, GSK-3α/β kinases can phosphorylate NRF2 which lets it 
binding to β-TrCP-Cul1 ubiquitin ligase, leads to NRF2 degradation in proteasome. HRD1 is a recently identified E3 ubiquitin ligase which targets NRF2 when 
activated by XBP1 under ER stress. So far, this regulatory pathway has only been reported during liver cirrhosis. B) NRF2 activation mechanisms. When cells are 
under stresses such as electrophilic stimuli, cysteine molecules in KEAP1 are modified (oxidized) that leads to release of NRF2 from KEAP1-Cul3-mediated ubiq-
uitination. The free and newly-synthesized NRF2 then accumulates and translocates to nucleus and binds to the ARE on its target genes’ promotor and activates its 
target genes. So far, about 250 target genes have been reported involving Phase I-III metabolism, redox regulation, lipid and carbohydrate metabolism, iron/hemo 
metabolism and many other cellular processes. In addition to this canonic KEAP1 dependent mechanism, many non-canonic mechanisms have been reported. For 
example, KEAP1 genetic mutations, promoter hypermethylation which inactivate KEAP1, some proteins binding to KEAP1 to interfere with KEAP-NRF2 interaction, 
such as p62, PALB2. Genetic mutations of NRF2, epigenetic regulation, phosphorylation and SUMOylation of NRF2 itself activate NRF2. Some proteins such as p21, 
BRCA1 and APE1 have been reported to bind to NRF2 to interfere with NRF2-KEAP1 interaction. Taken together, the NRF2 is a master transcriptional regulator in 
cellular antioxidant function and other cellular processes. The regulatory mechanisms are complex and context-dependent. 
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APE1 interacts with ARF6 to enhance MMP14 recycling in a 
redox-sensitive manner, promoting cell invasion [104]. Of note, our 
recent work suggests that APE1 may regulate NRF2 protein expression in 
esophageal epithelial cells through a KEAP1-independent regulation of 
NRF2 stability, likely dependent on APE1 redox activity in EAC (un-
published data). Based on these multiple lines of evidence, the consti-
tutive upregulation of APE1-NRF2 axis in Barrett’s carcinogenesis 
rebalances redox homeostasis in favor of tumorigenic cell survival, 
contributing to tumor progression and invasion (Fig. 1 C). 

5. Dual roles of NRF2 in Barrett’s tumorigenesis 

As we have mentioned above, during GERD-BE-EAC process, epi-
sodes of reflux of acidic bile salts and chronic inflammation induce high 
levels of ROS [24,105]. Oxidative stress leads to oxidative DNA damage 
in both nuclear and mitochondrial DNA, including DNA strand breaks 
[25,27,28]. In addition, ROS induces protein oxidation as well as lipid 
peroxidation, producing mutagenic and carcinogenic reactive aldehydes 
such as 4-hydroxy-2-nonenal (4-HNE) and malondialdehyde (MDA) 
[106–108], known to be associated with tumorigenesis [109]. We have 
demonstrated that upon ABS exposure, esophageal cells respond by 

transiently activating APE1 and NRF2 pathways to reduce intracellular 
ROS and subsequent DNA damage [91,100]. Therefore, NRF2 may play 
a protective tumor suppressor role during the early pre-neoplastic stages 
of esophageal tumorigenesis (Fig. 3A). This is consistent with early 
discoveries using NRF2 knockout mice which demonstrated that NRF2 
knockout mice were more susceptible to chemical-induced tumorigen-
esis [110,111]. 

However, in neoplastic esophageal cells (dysplastic and EAC), NRF2 
is constitutively overexpressed. High levels of NRF2 in neoplastic cells 
counteract elevated ROS levels and promotes tumor cell survival [100, 
105]. The overexpression of NRF2 has been associated with uncon-
trolled tumor growth, angiogenesis, migration, invasion, metastasis and 
drug resistance [69,75,112]. Recent discoveries indicate that NRF2 is an 
important player in reprograming cancer cell metabolism [113–115], 
cancer stem cell properties [116,117], tumor microenvironment and 
immune response [118–120]. ALDH1 (Aldehyde dehydrogenase 1), an 
enzyme normally involved in retinol metabolism catalyzing/oxidizing 
retinaldehyde to retinoic acid, is found upregulated in many human 
cancer types including gastrointestinal cancers [121,122] and is asso-
ciated with poor prognosis [123,124]. More importantly, ALDH1 is 
regarded as one of the unique cancer stem cell (CSC) markers of many 

Fig. 3. Potential application of NRF2 activators 
and inhibitors in GERD-BE-EAC patients. 
A) Based on ROS, APE1 and NRF2 levels in GERD-BE- 
EAC sequence, it is expected that NRF2 activators 
may be benefit for the patients with GERD and BE. 
However, cautions must be taken due to the “Dark 
Side” of NRF2 in which activated NRF2 may promote 
tumor growth once tumor initiating cells form. For 
EAC patients, NRF2 inhibitors may be used as adju-
vant therapy or in combination with other therapeu-
tic approaches. B) An assumptive figure to illustrate 
potential mechanisms of use NRF2 inhibitors (NRF2i) 
in combination with other therapeutic approaches, 
particularly those that work on the increase of ROS to 
kill cancer cells, for example cisplatin. Primary cancer 
cells usually are heterogeneity in terms of intracel-
lular ROS level. Some cancer cells such as cancer stem 
cells or senescent cells may possess lower ROS than 
regular cancer cells. Therefore, single drug therapy 
may only kill partial cancer cells with higher basal 
ROS levels. Administration of NRF2 inhibitors 
(NRF2i) in combination with other chemo-/radio- 
therapy sensitizes tumor cells to these therapies 
through obvious increase ROS level to lethal 
threshold. T1-T5 represent tumor populations with 
different ROS levels.   

D. Peng et al.                                                                                                                                                                                                                                    



Redox Biology 41 (2021) 101894

6

human malignancies, and is required for tumor cells to maintain their 
stemness [124,125]. Heme oxygenase-1 (HO-1) is a microsomal enzyme 
which catalyzes the oxidation of heme to biologically active products: 
carbon monoxide (CO), biliverdin, and ferrous iron [126]. As a NRF2 
target gene, we have shown that HO-1 was transiently induced in 
esophageal epithelial cells in response to ABS exposure conditions that 
mimic a GERD episode [91]. However, like NRF2, HO-1 is overexpressed 
in many human cancers [127,128]. Constitutive upregulation of HO-1 in 
tumor tissues favors tumor cells’ survival through various mechanisms 
that include decreasing intracellular ROS, activating AKT and inhibiting 
apoptosis pathways [128,129]. NRF2 plays a key role in activation of 
almost all known hallmarks of cancer [129]. In almost all cancer types, 
overexpression NRF2 is associated with poor prognosis and drug- or 
radio-resistance [130,131]. In this context, NRF2 plays an oncogenic 
role in EAC once tumor initiating cells are formed (Fig. 3A). Based on 
current lines of evidence, we can speculate that silencing of several 
genes in the glutathione pathways during Barrett’s tumorigenesis is 
compensated via overexpression of NRF2 and possibly APE1 to promote 
a tumorigenic anti-oxidant response. This could be especially important 
with the recent evidence showing that some of the silenced glutathione 
family members, such as GPX3 and GPX7, possess tumor suppressor 
functions (discussed above). The molecular switch from transient in-
duction to constitutive overexpression of NRF2 may define a conversion 
from an anti-tumorigenic to pro-tumorigenic antioxidant response dur-
ing Barrett’s carcinogenesis. 

6. Modulation of oxidants and antioxidants in GERD-BE and EAC 

Oxidative stress, associated with tumorigenesis, is linked with aging 
and many human diseases such as inflammatory diseases, neurodegen-
erative disorders and other diseases [1,132–134]. Therefore, a great 
effort has been made to explore various antioxidants for prevention or 
treatment of oxidative stress-related diseases [40,45,135]. In terms of 
antioxidants in cancer prevention and treatment, numerous per-clinical 
investigations and clinical trials have been conducted (https://www. 
clinicaltrials.gov/). It was expected that anti-oxidants would reduce 
risks for development of cancers. On the contrary, some trials showed 
that anti-oxidants increased the risk of developing some cancers such as 
lung cancer [136] and prostate cancer [137,138]. For example, the 
Alpha-Tocopherol Beta Carotene (ATBC) Cancer Prevention Study re-
ported that male smokers receiving b-carotene had an 18% increase in 
lung cancer incidence [136]. The SELECT trial [137,138] was a ran-
domized, double-blind, placebo-controlled trial of older males given 
vitamin E, selenium, both, or neither for 7–12 years. This large trial 
reported that men taking vitamin E alone had significantly higher risk to 
develop prostate cancer. Gill et al. [67] recently summarized random-
ized, placebo-controlled trials that included more than 10,000 partici-
pants. The U.S. Preventative Services Task Force (USPSTF), reviewing 
many of the available clinical trials, concluded that there was insuffi-
cient data for or against the use of most nutrient supplements for cancer 
prevention [139]. Similarly, clinical trials using anti-oxidants as adju-
vant therapy in cancer patients’ treatment showed either no clear 
benefit or contradictory results [140,141]. 

As NRF2 is recognized as the master regulator of cellular anti- 
oxidative properties, numerous efforts have been made in developing 
NRF2 activators or inhibitors [142]. Hundreds of investigations have 
conducted in vitro and in vivo to evaluate natural or synthesized com-
pounds as NRF2 activators or inhibitors [69,74,143]. So far, only 
fumaric acid ester dimethyl fumarate (DMF) (also called BG-12 or Tec-
fidera, from Biogen) has been FDA approved for treatment of psoriasis 
for many years [144]. Tecfidera was also approved in 2013 to treat 
relapsing-remitting multiple sclerosis (MS) [145–147]. Oltipraz 
(4-methyl-5(pyrazinyl-2)-1-2-dithiole-3-thione) is another promising 
NRF2 inducer undergoing evaluation in a phase III clinical trial for the 
treatment of nonalcoholic fatty liver disease [148]. In addition, several 
natural compounds such as sulforaphane [149,150], curcumin [151, 

152], and resveratrol [153,154] have been identified as NRF2 activators 
and are under extensive clinical trials in a wide range of oxidative-stress 
diseases (https://www.clinicaltrials.gov/). However, in terms of using 
these NRF2 inducers in cancers, a few have been tested in clinical trial 
studies. The major concern for modulating NRF2 using NRF2 activators 
relies on the fact that NRF2 functions are hijacked by tumor cells to favor 
their growth and progression [70,71,155,156]. This so-called “Dark 
Side” of NRF2 makes it a double-edged sword: a must-caution before 
applying these compounds in patients. Once tumor-initiating cells are 
formed at early stage of tumorigenesis, the administration of these 
compounds may accelerate tumor progression, even promoting metas-
tasis [157,158] (Fig. 3A). For example, Tao, et al. [159] tested modu-
lation of NRF2 in several in vivo mouse models and demonstrated that 
NRF2 activation prevented initiation of chemically induced cancer, and 
promoted progression of pre-existing tumors regardless of a chemical or 
genetic etiology. On the other hand, because NRF2 is overexpressed in 
many human cancers and is associated with tumor progression, metas-
tasis, drug- or radio-resistance, and poor survival, targeting NRF2 has 
become an attractive adventure in cancer therapy. Brusatol (quassinoid, 
natural) is the first NRF2 inhibitor identified by screening natural 
product extracts [160]. Brusatol is reported to sensitize cancer cells to 
chemotherapeutic drugs via inhibition of NRF2 signaling pathway [160, 
161] (Fig. 3B). Although it has been pointed out that brusatol is a global 
translation inhibitor, it remains a useful tool to study NRF2 inhibition in 
cancer. Proteins with short half-life, such as NRF2, are the most sus-
ceptible ones to inhibitors of protein translation [162]. Tao et al. [159] 
reported that once tumors are initiated, NRF2 inhibition by brusatol is 
effective against chemically and spontaneously induced tumors. In 
addition to brusatol, other investigational compounds are capable to 
inhibit NRF2 activity, such as AME1 [163], ML385 [164], trigonelline 
[165], malabaricone A [166], ochratoxin A [167], and wogonin [168]. 
However, the molecular mechanisms and biological effects of these 
compounds need to be further investigated. 

In terms of GERD-BE and EAC cascade (Fig. 3), as discussed above, 
we and others have demonstrated increased oxidative stress in this 
process. We reported that NRF2 is pivotal for esophageal epithelial cells 
to battle oxidative stress and protect cells from ABS-induced DNA 
damage. Therefore, from a hypothetical point of view, NRF2 activators 
may benefit patients and reduce risks for EAC development. However, a 
word of caution is due given the pro-tumorigenic functions of NRF2. 
NRF2 activators may in fact accelerate the progression of pre-neoplastic 
and neoplastic cells towards EAC. It is worth mentioning that there are 
reports of a beneficial role of antioxidants, such as manganese super-
oxide dismutase [169]. Several investigations reported that dietary an-
tioxidants, fruits, and vegetables are inversely associated with BE or EAC 
risk [170,171], while no association was observed for supplements 
intake [170]. Of note, an early system review and meta-analysis of 14 
randomized trials failed to find significant effects of supplementation 
with b-carotene, vitamins A, C, E, and selenium (alone or in combina-
tion), versus placebo, on esophageal, gastric, colorectal, pancreatic, and 
liver cancer incidences [172]. Regarding NRF2 activators as chemo-
prevention for BE and EAC, only few reports are available [173,174]. 
Some studies suggest that resveratrol [173] or curcumin supplementa-
tion [174] may have a chemoprevention role in BE. These findings 
exemplify the dilemma surrounding antioxidants and NRF2 applications 
in cancer prevention and treatment. Considering the so-called “Dark 
Side of NRF2”, there are warranted serious concerns for administering 
antioxidants or NRF2 activators in Barrett’s conditions, where the 
cellular context may significantly alter the response from an 
anti-tumorigenic to a pro-tumorigenic outcome. For NRF2 inhibitors in 
EAC, these have not been fully investigated and there are no FDA 
approved drugs. In fact, the clinical utility of the pre-clinical studies is 
limited. These studies provide a proof of concept, not ready for clinical 
trials due to several limiting properties of the existing inhibitors. 
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7. Conclusions 

The antioxidant response in Barrett’s tumorigenesis is a complex 
molecular process. The observed molecular switch from transient in-
duction of some antioxidant genes in pre-neoplastic conditions to their 
constitutive overexpression in neoplastic cells highlight different mo-
lecular functions and biological outcomes. Antioxidants such as APE1 
and NRF2 may function as a double-edged sword where the outcome is 
context dependent where the stimulus and the cellular state matter. The 
molecular mechanisms and target genes that alter the anti-versus pro- 
tumorigenic functions of antioxidant response need to be fully eluci-
dated to determine if and when activators or inhibitors can be utilized in 
patients with Barrett’s or EAC. 

Declaration of competing interest 

None. 

Acknowledgements 

The research reported in this publication was supported by grants 
from the National Cancer Institute (R01CA224366) and the U.S. 
Department of Veterans Affair (1IK6BX003787 and I01BX001179). The 
contents of this work are solely the responsibility of the authors and do 
not necessarily represent the official views of the Department of Veter-
ans Affairs, National Institutes of Health, or the University of Miami. 

References 

[1] S. Reuter, et al., Oxidative stress, inflammation, and cancer: how are they linked? 
Free Radic. Biol. Med. 49 (11) (2010) 1603–1616. 

[2] G. Lenaz, Mitochondria and reactive oxygen species. Which role in physiology 
and pathology? Adv. Exp. Med. Biol. 942 (2012) 93–136. 

[3] R.O. Poyton, K.A. Ball, P.R. Castello, Mitochondrial generation of free radicals 
and hypoxic signaling, Trends Endocrinol Metab 20 (7) (2009) 332–340. 

[4] H. Sies, D.P. Jones, Reactive oxygen species (ROS) as pleiotropic physiological 
signalling agents, Nat. Rev. Mol. Cell Biol. (2020). 

[5] L.J. Marnett, Oxyradicals and DNA damage, Carcinogenesis 21 (3) (2000) 
361–370. 

[6] M. Moriya, Single-stranded shuttle phagemid for mutagenesis studies in 
mammalian cells: 8-oxoguanine in DNA induces targeted G.C–>T.A transversions 
in simian kidney cells, Proc. Natl. Acad. Sci. U. S. A. 90 (3) (1993) 1122–1126. 

[7] S.F. Lee, S. Pervaiz, Assessment of oxidative stress-induced DNA damage by 
immunoflourescent analysis of 8-oxodG, Methods Cell Biol. 103 (2011) 99–113. 

[8] G. Guetens, et al., Oxidative DNA damage: biological significance and methods of 
analysis, Crit. Rev. Clin. Lab Sci. 39 (4–5) (2002) 331–457. 

[9] B. Tudek, E. Speina, Oxidatively damaged DNA and its repair in colon 
carcinogenesis, Mutat. Res. 736 (1–2) (2012) 82–92. 

[10] A. Valavanidis, T. Vlachogianni, C. Fiotakis, 8-hydroxy-2’ -deoxyguanosine (8- 
OHdG): a critical biomarker of oxidative stress and carcinogenesis, J. Environ. 
Sci. Health C Environ. Carcinog. Ecotoxicol. Rev. 27 (2) (2009) 120–139. 

[11] S. Loft, H.E. Poulsen, Cancer risk and oxidative DNA damage in man, J. Mol. Med. 
74 (6) (1996) 297–312. 

[12] F. Bray, et al., Global cancer statistics 2018: GLOBOCAN estimates of incidence 
and mortality worldwide for 36 cancers in 185 countries, CA A Cancer J. Clin. 68 
(6) (2018) 394–424. 

[13] L.R. Coia, E.R. Sauter, Esophageal cancer, Curr. Probl. Canc. 18 (4) (1994) 
189–247. 

[14] W.J. Blot, J.K. McLaughlin, The changing epidemiology of esophageal cancer, 
Semin. Oncol. 26 (5 Suppl 15) (1999) 2–8. 

[15] M. Pera, Epidemiology of esophageal cancer, especially adenocarcinoma of the 
esophagus and esophagogastric junction, Recent Results Canc. Res. 155 (2000) 
1–14. 

[16] H.G. Coleman, S.H. Xie, J. Lagergren, The epidemiology of esophageal 
adenocarcinoma, Gastroenterology 154 (2) (2018) 390–405. 

[17] M. di Pietro, Barrett’s esophagus and reflux disease, Endoscopy 42 (11) (2010) 
910–915. 

[18] S.J. Spechler, R.K. Goyal, Barrett’s esophagus, N. Engl. J. Med. 315 (6) (1986) 
362–371. 

[19] G.W. Falk, Barrett’s esophagus, Gastrointest Endosc Clin N Am 4 (4) (1994) 
773–789. 

[20] A.P. Thrift, Barrett’s esophagus and esophageal adenocarcinoma: how common 
are they really? Dig. Dis. Sci. 63 (8) (2018) 1988–1996. 

[21] N.K. Altorki, D.B. Skinner, Adenocarcinoma in Barrett’s esophagus, Semin. Surg. 
Oncol. 6 (5) (1990) 274–278. 

[22] J.H. Song, et al., Oxidative stress from reflux esophagitis to esophageal cancer: 
the alleviation with antioxidants, Free Radic. Res. 50 (10) (2016) 1071–1079. 

[23] J.S. Lee, et al., Involvement of oxidative stress in experimentally induced reflux 
esophagitis and Barrett’s esophagus: clue for the chemoprevention of esophageal 
carcinoma by antioxidants, Mutat. Res. 480–481 (2001) 189–200. 

[24] K. Dvorak, et al., Bile acids in combination with low pH induce oxidative stress 
and oxidative DNA damage: relevance to the pathogenesis of Barrett’s 
oesophagus, Gut 56 (6) (2007) 763–771. 

[25] D. Peng, et al., Glutathione peroxidase 7 protects against oxidative DNA damage 
in oesophageal cells, Gut (2011). 

[26] Z. Zhou, et al., Activation of EGFR-DNA-PKcs pathway by IGFBP2 protects 
esophageal adenocarcinoma cells from acidic bile salts-induced DNA damage, 
J. Exp. Clin. Canc. Res. 38 (1) (2019) 13. 

[27] K. Dvorak, et al., Bile acids in combination with low pH induce oxidative stress 
and oxidative DNA damage: relevance to the pathogenesis of Barrett’s 
Oesophagus, Gut (2006). 

[28] K. Dvorak, et al., Esophageal acid exposure at pH < or = 2 is more common in 
Barrett’s esophagus patients and is associated with oxidative stress, Dis. 
Esophagus 19 (5) (2006) 366–372. 

[29] S.L. Picardo, et al., Barrett’s to oesophageal cancer sequence: a model of 
inflammatory-driven upper gastrointestinal cancer, Dig. Surg. 29 (3) (2012) 
251–260. 

[30] A. Poehlmann, et al., Inflammation and Barrett’s carcinogenesis, Pathol. Res. 
Pract. 208 (5) (2012) 269–280. 

[31] L.M. Coussens, Z. Werb, Inflammation and cancer, Nature 420 (6917) (2002) 
860–867. 

[32] D.F. Peng, et al., Loss of glutathione peroxidase 7 promotes TNF-alpha-induced 
NF-kappaB activation in Barrett’s carcinogenesis, Carcinogenesis 35 (7) (2014) 
1620–1628. 

[33] A.A. Bhat, et al., Exposure of Barrett’s and esophageal adenocarcinoma cells to 
bile acids activates EGFR-STAT3 signaling axis via induction of APE1, Oncogene 
37 (46) (2018) 6011–6024. 

[34] H.Y. Zhang, et al., Cancer-related inflammation and Barrett’s carcinogenesis: 
interleukin-6 and STAT3 mediate apoptotic resistance in transformed Barrett’s 
cells, Am. J. Physiol. Gastrointest. Liver Physiol. 300 (3) (2011) p. G454-60. 

[35] M. Inayama, et al., Involvement of oxidative stress in experimentally induced 
reflux esophagitis and esophageal cancer, Hepato-Gastroenterology 54 (75) 
(2007) 761–765. 

[36] N.J. O’Farrell, et al., Differential expression profiles of oxidative stress levels, 8- 
oxo-dG and 4-HNE, in barrett’s esophagus compared to esophageal 
adenocarcinoma, Int. J. Mol. Sci. 20 (18) (2019). 

[37] J. Kauppi, et al., Increased oxidative stress in the proximal stomach of patients 
with barrett’s esophagus and adenocarcinoma of the esophagus and 
esophagogastric junction, Transl Oncol 9 (4) (2016) 336–339. 

[38] J.V. Rasanen, et al., The expression of 8-hydroxydeoxyguanosine in oesophageal 
tissues and tumours, Eur. J. Surg. Oncol. 33 (10) (2007) 1164–1168. 

[39] P. Jimenez, et al., Free radicals and antioxidant systems in reflux esophagitis and 
Barrett’s esophagus, World J. Gastroenterol. 11 (18) (2005) 2697–2703. 

[40] M. Valko, et al., Free radicals and antioxidants in normal physiological functions 
and human disease, Int. J. Biochem. Cell Biol. 39 (1) (2007) 44–84. 

[41] M. Valko, et al., Free radicals, metals and antioxidants in oxidative stress-induced 
cancer, Chem. Biol. Interact. 160 (1) (2006) 1–40. 

[42] B. Halliwell, Biochemistry of oxidative stress, Biochem. Soc. Trans. 35 (Pt 5) 
(2007) 1147–1150. 

[43] J.D. Hayes, L.I. McLellan, Glutathione and glutathione-dependent enzymes 
represent a co-ordinately regulated defence against oxidative stress, Free Radic. 
Res. 31 (4) (1999) 273–300. 

[44] J.M. McCord, I. Fridovich, Superoxide dismutase, An enzymic function for 
erythrocuprein (hemocuprein). J Biol Chem 244 (22) (1969) 6049–6055. 

[45] J.K. Willcox, S.L. Ash, G.L. Catignani, Antioxidants and prevention of chronic 
disease, Crit. Rev. Food Sci. Nutr. 44 (4) (2004) 275–295. 

[46] J.M. Findlay, M.R. Middleton, I. Tomlinson, Genetic susceptibility to Barrett’s 
oesophagus: lessons from early studies, United European Gastroenterol J 4 (4) 
(2016) 485–492. 

[47] J.M. Findlay, M.R. Middleton, I. Tomlinson, Genetic biomarkers of barrett’s 
esophagus susceptibility and progression to dysplasia and cancer: a systematic 
review and meta-analysis, Dig. Dis. Sci. 61 (1) (2016) 25–38. 

[48] P. Gharahkhani, et al., Genome-wide association studies in oesophageal 
adenocarcinoma and Barrett’s oesophagus: a large-scale meta-analysis, Lancet 
Oncol. 17 (10) (2016) 1363–1373. 

[49] A.G. Casson, et al., Genetic polymorphisms of microsomal epoxide hydroxylase 
and glutathione S-transferases M1, T1 and P1, interactions with smoking, and risk 
for esophageal (Barrett) adenocarcinoma, Canc. Detect. Prev. 30 (5) (2006) 
423–431. 

[50] E.M. van Lieshout, et al., Low glutathione and glutathione S-transferase levels in 
Barrett’s esophagus as compared to normal esophageal epithelium, Jpn. J. Canc. 
Res. 90 (1) (1999) 81–85. 

[51] D. Ferrer-Torres, et al., Constitutively higher level of GSTT2 in esophageal tissues 
from african Americans protects cells against DNA damage, Gastroenterology 156 
(5) (2019) 1404–1415. 

[52] J. Brabender, et al., Glutathione S-transferase-pi expression is downregulated in 
patients with Barrett’s esophagus and esophageal adenocarcinoma, 
J. Gastrointest. Surg. 6 (3) (2002) 359–367. 

[53] S.C. Cobbe, et al., Alteration of glutathione S-transferase levels in Barrett’s 
metaplasia compared to normal oesophageal epithelium, Eur. J. Gastroenterol. 
Hepatol. 15 (1) (2003) 41–47. 

[54] W.H. Peters, et al., Glutathione and glutathione S-transferases in Barrett’s 
epithelium, Br. J. Canc. 67 (6) (1993) 1413–1417. 

D. Peng et al.                                                                                                                                                                                                                                    

http://refhub.elsevier.com/S2213-2317(21)00042-2/sref1
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref1
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref2
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref2
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref3
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref3
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref4
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref4
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref5
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref5
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref6
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref6
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref6
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref7
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref7
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref8
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref8
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref9
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref9
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref10
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref10
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref10
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref11
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref11
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref12
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref12
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref12
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref13
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref13
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref14
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref14
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref15
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref15
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref15
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref16
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref16
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref17
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref17
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref18
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref18
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref19
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref19
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref20
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref20
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref21
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref21
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref22
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref22
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref23
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref23
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref23
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref24
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref24
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref24
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref25
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref25
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref26
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref26
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref26
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref27
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref27
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref27
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref28
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref28
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref28
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref29
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref29
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref29
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref30
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref30
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref31
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref31
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref32
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref32
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref32
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref33
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref33
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref33
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref34
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref34
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref34
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref35
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref35
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref35
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref36
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref36
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref36
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref37
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref37
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref37
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref38
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref38
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref39
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref39
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref40
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref40
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref41
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref41
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref42
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref42
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref43
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref43
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref43
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref44
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref44
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref45
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref45
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref46
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref46
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref46
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref47
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref47
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref47
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref48
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref48
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref48
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref49
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref49
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref49
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref49
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref50
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref50
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref50
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref51
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref51
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref51
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref52
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref52
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref52
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref53
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref53
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref53
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref54
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref54


Redox Biology 41 (2021) 101894

8

[55] R. Thanan, et al., Proton pump inhibitors suppress iNOS-dependent DNA damage 
in Barrett’s esophagus by increasing Mn-SOD expression, Biochem. Biophys. Res. 
Commun. 421 (2) (2012) 280–285. 

[56] D.F. Peng, et al., DNA hypermethylation regulates the expression of members of 
the Mu-class glutathione S-transferases and glutathione peroxidases in Barrett’s 
adenocarcinoma, Gut 58 (1) (2009) 5–15. 

[57] D. Peng, et al., Glutathione peroxidase 7 has potential tumour suppressor 
functions that are silenced by location-specific methylation in oesophageal 
adenocarcinoma, Gut 63 (4) (2014) 540–551. 

[58] D. Peng, et al., Location-specific epigenetic regulation of the metallothionein 3 
gene in esophageal adenocarcinomas, PloS One 6 (7) (2011) p. e22009. 

[59] O.J. Lee, et al., Hypermethylation and loss of expression of glutathione 
peroxidase-3 in Barrett’s tumorigenesis, Neoplasia 7 (9) (2005) 854–861. 

[60] D.F. Peng, et al., Silencing of glutathione peroxidase 3 through DNA 
hypermethylation is associated with lymph node metastasis in gastric carcinomas, 
PloS One 7 (10) (2012) p. e46214. 

[61] M. Cai, et al., Gpx3 prevents migration and invasion in gastric cancer by targeting 
NFsmall ka, CyrillicB/Wnt5a/JNK signaling, Int. J. Clin. Exp. Pathol. 12 (4) 
(2019) 1194–1203. 

[62] M.M. Mohamed, et al., Promoter hypermethylation and suppression of 
glutathione peroxidase 3 are associated with inflammatory breast carcinogenesis, 
Oxid Med Cell Longev 2014 (2014) 787195. 

[63] Y.P. Yu, et al., Glutathione peroxidase 3, deleted or methylated in prostate cancer, 
suppresses prostate cancer growth and metastasis, Canc. Res. 67 (17) (2007) 
8043–8050. 

[64] C.W. Barrett, et al., Tumor suppressor function of the plasma glutathione 
peroxidase gpx3 in colitis-associated carcinoma, Canc. Res. 73 (3) (2013) 
1245–1255. 

[65] Z. Chen, et al., Glutathione peroxidase 7 suppresses cancer cell growth and is 
hypermethylated in gastric cancer, Oncotarget 8 (33) (2017) 54345–54356. 

[66] M.P. Peppelenbosch, M.C. Spaander, M.J. Bruno, Glutathione peroxidase 7 
prevents cancer in the oesophagus, Gut 63 (4) (2014) 537–538. 

[67] J.G. Gill, E. Piskounova, S.J. Morrison, Cancer, oxidative stress, and metastasis, 
Cold Spring Harbor Symp. Quant. Biol. 81 (2016) 163–175. 

[68] J.D. Hayes, A.T. Dinkova-Kostova, K.D. Tew, Oxidative stress in cancer, Canc. Cell 
(2020). 

[69] H.M. Leinonen, et al., Role of the Keap1-Nrf2 pathway in cancer, Adv. Canc. Res. 
122 (2014) 281–320. 

[70] A. Lau, et al., Dual roles of Nrf2 in cancer, Pharmacol. Res. 58 (5–6) (2008) 
262–270. 

[71] S. Menegon, A. Columbano, S. Giordano, The dual roles of NRF2 in cancer, Trends 
Mol. Med. 22 (7) (2016) 578–593. 

[72] E. Kansanen, et al., The Keap1-Nrf2 pathway: mechanisms of activation and 
dysregulation in cancer, Redox biology 1 (1) (2013) 45–49. 

[73] M. McMahon, et al., Keap1-dependent proteasomal degradation of transcription 
factor Nrf2 contributes to the negative regulation of antioxidant response 
element-driven gene expression, J. Biol. Chem. 278 (24) (2003) 21592–21600. 

[74] M. Dodson, et al., Modulating NRF2 in disease: timing is everything, Annu. Rev. 
Pharmacol. Toxicol. 59 (2019) 555–575. 

[75] K. Taguchi, M. Yamamoto, The KEAP1-NRF2 system in cancer, Front Oncol 7 
(2017) 85. 

[76] C.A. Silva-Islas, P.D. Maldonado, Canonical and non-canonical mechanisms of 
Nrf2 activation, Pharmacol. Res. 134 (2018) 92–99. 

[77] P. Rada, et al., SCF/{beta}-TrCP promotes glycogen synthase kinase 3-dependent 
degradation of the Nrf2 transcription factor in a Keap1-independent manner, Mol. 
Cell Biol. 31 (6) (2011) 1121–1133. 

[78] A. Cuadrado, Structural and functional characterization of Nrf2 degradation by 
glycogen synthase kinase 3/beta-TrCP, Free Radic. Biol. Med. 88 (Pt B) (2015) 
147–157. 

[79] P. Rada, et al., Structural and functional characterization of Nrf2 degradation by 
the glycogen synthase kinase 3/beta-TrCP axis, Mol. Cell Biol. 32 (17) (2012) 
3486–3499. 

[80] K. Yamamoto, et al., Human HRD1 promoter carries a functional unfolded protein 
response element to which XBP1 but not ATF6 directly binds, J. Biochem. 144 (4) 
(2008) 477–486. 

[81] T. Wu, et al., Hrd1 suppresses Nrf2-mediated cellular protection during liver 
cirrhosis, Genes Dev. 28 (7) (2014) 708–722. 

[82] T. Jiang, et al., p62 links autophagy and Nrf2 signaling, Free Radic. Biol. Med. 88 
(Pt B) (2015) 199–204. 

[83] A. Lau, et al., A noncanonical mechanism of Nrf2 activation by autophagy 
deficiency: direct interaction between Keap1 and p62, Mol. Cell Biol. 30 (13) 
(2010) 3275–3285. 

[84] K. Lu, et al., NRF2 induction supporting breast cancer cell survival is enabled by 
oxidative stress-induced DPP3-KEAP1 interaction, Canc. Res. 77 (11) (2017) 
2881–2892. 

[85] N.D. Camp, et al., Wilms tumor gene on X chromosome (WTX) inhibits 
degradation of NRF2 protein through competitive binding to KEAP1 protein, 
J. Biol. Chem. 287 (9) (2012) 6539–6550. 

[86] J. Ma, et al., PALB2 interacts with KEAP1 to promote NRF2 nuclear accumulation 
and function, Mol. Cell Biol. 32 (8) (2012) 1506–1517. 

[87] W. Chen, et al., Direct interaction between Nrf2 and p21(Cip1/WAF1) 
upregulates the Nrf2-mediated antioxidant response, Mol. Cell 34 (6) (2009) 
663–673. 

[88] C. Gorrini, et al., BRCA1 interacts with Nrf2 to regulate antioxidant signaling and 
cell survival, J. Exp. Med. 210 (8) (2013) 1529–1544. 

[89] L.D. Goldstein, et al., Recurrent loss of NFE2L2 exon 2 is a mechanism for Nrf2 
pathway activation in human cancers, Cell Rep. 16 (10) (2016) 2605–2617. 

[90] H. Sasaki, et al., Genotype analysis of the NRF2 gene mutation in lung cancer, Int. 
J. Mol. Med. 31 (5) (2013) 1135–1138. 

[91] D. Peng, et al., NRF2 antioxidant response protects against acidic bile salts- 
induced oxidative stress and DNA damage in esophageal cells, Canc. Lett. 458 
(2019) 46–55. 

[92] H. Fung, B. Demple, A vital role for Ape1/Ref1 protein in repairing spontaneous 
DNA damage in human cells, Mol. Cell 17 (3) (2005) 463–470. 

[93] J.S. Sung, B. Demple, Roles of base excision repair subpathways in correcting 
oxidized abasic sites in DNA, FEBS J. 273 (8) (2006) 1620–1629. 

[94] A.R. Evans, M. Limp-Foster, M.R. Kelley, Going APE over ref-1, Mutat. Res. 461 
(2) (2000) 83–108. 

[95] D.P. Logsdon, et al., Regulation of HIF1alpha under hypoxia by APE1/ref-1 
impacts CA9 expression: dual targeting in patient-derived 3D pancreatic cancer 
models, Mol. Canc. Therapeut. 15 (11) (2016) 2722–2732. 

[96] K. Ando, et al., A new APE1/Ref-1-dependent pathway leading to reduction of 
NF-kappaB and AP-1, and activation of their DNA-binding activity, Nucleic Acids 
Res. 36 (13) (2008) 4327–4336. 

[97] G. Tell, et al., The many functions of APE1/Ref-1: not only a DNA repair enzyme, 
Antioxidants Redox Signal. 11 (3) (2009) 601–620. 

[98] C.L. Yuan, et al., APE1 overexpression is associated with poor survival in patients 
with solid tumors: a meta-analysis, Oncotarget 8 (35) (2017) 59720–59728. 

[99] D. Wang, et al., APE1 overexpression is associated with cisplatin resistance in 
non-small cell lung cancer and targeted inhibition of APE1 enhances the activity 
of cisplatin in A549 cells, Lung Canc. 66 (3) (2009) 298–304. 

[100] J. Hong, et al., APE1-mediated DNA damage repair provides survival advantage 
for esophageal adenocarcinoma cells in response to acidic bile salts, Oncotarget 7 
(13) (2016) 16688–16702. 

[101] Y. Gu, I.S. Mohammad, Z. Liu, Overview of the STAT-3 signaling pathway in 
cancer and the development of specific inhibitors, Oncol Lett 19 (4) (2020) 
2585–2594. 

[102] W. Jin, Role of JAK/STAT3 signaling in the regulation of metastasis, the transition 
of cancer stem cells, and chemoresistance of cancer by epithelial-mesenchymal 
transition, Cells 9 (1) (2020). 

[103] B. Li, C. Huang, Regulation of EMT by STAT3 in gastrointestinal cancer (Review), 
Int. J. Oncol. 50 (3) (2017) 753–767. 

[104] H. Lu, et al., APE1 upregulates MMP-14 via redox-sensitive ARF6-mediated 
recycling to promote cell invasion of esophageal adenocarcinoma, Canc. Res. 79 
(17) (2019) 4426–4438. 

[105] S. Perez, et al., Redox signaling in the gastrointestinal tract, Free Radic. Biol. Med. 
104 (2017) 75–103. 

[106] H. Zhong, H. Yin, Role of lipid peroxidation derived 4-hydroxynonenal (4-HNE) in 
cancer: focusing on mitochondria, Redox Biol 4 (2015) 193–199. 

[107] M. Xiao, et al., Pathophysiology of mitochondrial lipid oxidation: role of 4- 
hydroxynonenal (4-HNE) and other bioactive lipids in mitochondria, Free Radic. 
Biol. Med. 111 (2017) 316–327. 

[108] M. Dodson, R. Castro-Portuguez, D.D. Zhang, NRF2 plays a critical role in 
mitigating lipid peroxidation and ferroptosis, Redox Biol 23 (2019) 101107. 

[109] P.C. Burcham, Genotoxic lipid peroxidation products: their DNA damaging 
properties and role in formation of endogenous DNA adducts, Mutagenesis 13 (3) 
(1998) 287–305. 

[110] M. Ramos-Gomez, et al., Interactive effects of nrf2 genotype and oltipraz on benzo 
[a]pyrene-DNA adducts and tumor yield in mice, Carcinogenesis 24 (3) (2003) 
461–467. 

[111] C. Xu, et al., Inhibition of 7,12-dimethylbenz(a)anthracene-induced skin 
tumorigenesis in C57BL/6 mice by sulforaphane is mediated by nuclear factor E2- 
related factor 2, Canc. Res. 66 (16) (2006) 8293–8296. 

[112] G.M. DeNicola, et al., Oncogene-induced Nrf2 transcription promotes ROS 
detoxification and tumorigenesis, Nature 475 (7354) (2011) 106–109. 

[113] F. He, L. Antonucci, M. Karin, NRF2 as a regulator of cell metabolism and 
inflammation in cancer, Carcinogenesis (2020). 

[114] K. Smolkova, et al., Nuclear factor erythroid 2-related factor 2 in regulating 
cancer metabolism, Antioxidants Redox Signal. (2020). 

[115] Y.Y. Wang, et al., Nrf2-Mediated metabolic reprogramming in cancer, Oxid Med 
Cell Longev 2018 (2018) 9304091. 

[116] H. Kahroba, et al., The Role of Nrf2 signaling in cancer stem cells: from stemness 
and self-renewal to tumorigenesis and chemoresistance, Life Sci. 239 (2019) 
116986. 

[117] I.G. Ryoo, S.H. Lee, M.K. Kwak, Redox modulating NRF2: a potential mediator of 
cancer stem cell resistance, Oxid Med Cell Longev 2016 (2016) 2428153. 

[118] X. Xu, et al., NFE2L2/KEAP1 mutations correlate with higher tumor mutational 
burden value/PD-L1 expression and potentiate improved clinical outcome with 
immunotherapy, Oncol. (2020). 

[119] S.A. Best, et al., Synergy between the KEAP1/NRF2 and PI3K pathways drives 
non-small-cell lung cancer with an altered immune microenvironment, Cell 
Metabol. 27 (4) (2018) 935–943, e4. 

[120] J. Wang, et al., Nrf2 suppresses the function of dendritic cells to facilitate the 
immune escape of glioma cells, Exp. Cell Res. 360 (2) (2017) 66–73. 

[121] J. Chen, et al., Prognostic value of cancer stem cell marker ALDH1 expression in 
colorectal cancer: a systematic review and meta-analysis, PloS One 10 (12) (2015) 
p. e0145164. 

[122] H. Taniguchi, et al., Cancer stem cells in human gastrointestinal cancer, Canc. Sci. 
107 (11) (2016) 1556–1562. 

[123] X.S. Li, et al., ALDH1A1 overexpression is associated with the progression and 
prognosis in gastric cancer, BMC Canc. 14 (2014) 705. 

D. Peng et al.                                                                                                                                                                                                                                    

http://refhub.elsevier.com/S2213-2317(21)00042-2/sref55
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref55
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref55
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref56
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref56
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref56
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref57
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref57
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref57
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref58
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref58
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref59
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref59
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref60
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref60
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref60
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref61
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref61
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref61
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref62
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref62
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref62
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref63
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref63
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref63
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref64
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref64
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref64
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref65
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref65
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref66
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref66
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref67
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref67
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref68
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref68
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref69
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref69
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref70
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref70
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref71
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref71
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref72
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref72
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref73
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref73
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref73
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref74
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref74
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref75
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref75
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref76
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref76
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref77
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref77
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref77
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref78
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref78
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref78
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref79
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref79
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref79
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref80
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref80
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref80
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref81
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref81
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref82
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref82
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref83
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref83
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref83
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref84
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref84
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref84
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref85
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref85
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref85
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref86
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref86
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref87
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref87
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref87
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref88
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref88
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref89
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref89
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref90
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref90
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref91
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref91
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref91
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref92
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref92
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref93
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref93
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref94
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref94
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref95
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref95
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref95
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref96
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref96
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref96
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref97
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref97
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref98
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref98
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref99
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref99
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref99
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref100
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref100
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref100
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref101
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref101
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref101
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref102
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref102
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref102
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref103
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref103
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref104
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref104
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref104
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref105
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref105
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref106
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref106
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref107
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref107
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref107
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref108
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref108
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref109
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref109
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref109
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref110
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref110
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref110
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref111
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref111
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref111
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref112
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref112
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref113
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref113
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref114
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref114
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref115
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref115
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref116
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref116
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref116
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref117
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref117
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref118
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref118
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref118
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref119
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref119
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref119
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref120
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref120
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref121
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref121
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref121
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref122
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref122
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref123
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref123


Redox Biology 41 (2021) 101894

9

[124] L. Yang, et al., ALDH1A1 defines invasive cancer stem-like cells and predicts poor 
prognosis in patients with esophageal squamous cell carcinoma, Mod. Pathol. 27 
(5) (2014) 775–783. 

[125] H. Tomita, et al., Aldehyde dehydrogenase 1A1 in stem cells and cancer, 
Oncotarget 7 (10) (2016) 11018–11032. 

[126] M.D. Maines, Heme oxygenase: function, multiplicity, regulatory mechanisms, 
and clinical applications, Faseb. J. 2 (10) (1988) 2557–2568. 

[127] A. Jozkowicz, H. Was, J. Dulak, Heme oxygenase-1 in tumors: is it a false friend? 
Antioxidants Redox Signal. 9 (12) (2007) 2099–2117. 

[128] X. Zhu, et al., Heme oxygenase-1 system and gastrointestinal tumors, World J. 
Gastroenterol. 16 (21) (2010) 2633–2637. 

[129] M. Rojo de la Vega, E. Chapman, D.D. Zhang, NRF2 and the hallmarks of cancer, 
Canc. Cell 34 (1) (2018) 21–43. 

[130] E.W. Cloer, et al., NRF2 activation in cancer: from DNA to protein, Canc. Res. 79 
(5) (2019) 889–898. 

[131] A.A. Zimta, et al., The role of Nrf2 activity in cancer development and 
progression, Cancers (Basel) 11 (11) (2019). 

[132] T.B. Kryston, et al., Role of oxidative stress and DNA damage in human 
carcinogenesis, Mutat. Res. (2011). 

[133] P. Lonkar, P.C. Dedon, Reactive species and DNA damage in chronic 
inflammation: reconciling chemical mechanisms and biological fates. 
International journal of cancer, J. Int. Cancer 128 (9) (2011) 1999–2009. 

[134] Y.H. Wei, et al., Oxidative stress in human aging and mitochondrial disease- 
consequences of defective mitochondrial respiration and impaired antioxidant 
enzyme system, Chin. J. Physiol. 44 (1) (2001) 1–11. 

[135] G. Ray, S.A. Husain, Oxidants, antioxidants and carcinogenesis, Indian J. Exp. 
Biol. 40 (11) (2002) 1213–1232. 

[136] Alpha-Tocopherol, B.C.C.P.S.G, The effect of vitamin E and beta carotene on the 
incidence of lung cancer and other cancers in male smokers, N. Engl. J. Med. 330 
(15) (1994) 1029–1035. 

[137] S.M. Lippman, et al., Effect of selenium and vitamin E on risk of prostate cancer 
and other cancers: the Selenium and Vitamin E Cancer Prevention Trial (SELECT), 
JAMA 301 (1) (2009) 39–51. 

[138] E.A. Klein, et al., Vitamin E and the risk of prostate cancer: the selenium and 
vitamin E cancer prevention trial (SELECT), JAMA 306 (14) (2011) 1549–1556. 

[139] V.A. Moyer, U.S.P.S.T. Force, Vitamin, mineral, and multivitamin supplements for 
the primary prevention of cardiovascular disease and cancer: U.S. Preventive 
services Task Force recommendation statement, Ann. Intern. Med. 160 (8) (2014) 
558–564. 

[140] C. Jacobs, et al., Is there a role for oral or intravenous ascorbate (vitamin C) in 
treating patients with cancer? A systematic review, Oncol. 20 (2) (2015) 
210–223. 

[141] A. Yasueda, H. Urushima, T. Ito, Efficacy and interaction of antioxidant 
supplements as adjuvant therapy in cancer treatment: a systematic review, Integr. 
Canc. Ther. 15 (1) (2016) 17–39. 

[142] M. Sova, L. Saso, Design and development of Nrf2 modulators for cancer 
chemoprevention and therapy: a review, Drug Des. Dev. Ther. 12 (2018) 
3181–3197. 

[143] N. Robledinos-Anton, et al., Activators and inhibitors of NRF2: a review of their 
potential for clinical development, Oxid Med Cell Longev 2019 (2019) 9372182. 

[144] S. Hoxtermann, C. Nuchel, P. Altmeyer, Fumaric acid esters suppress peripheral 
CD4- and CD8-positive lymphocytes in psoriasis, Dermatology 196 (2) (1998) 
223–230. 

[145] R.J. Fox, et al., Placebo-controlled phase 3 study of oral BG-12 or glatiramer in 
multiple sclerosis, N. Engl. J. Med. 367 (12) (2012) 1087–1097. 

[146] R. Gold, et al., Placebo-controlled phase 3 study of oral BG-12 for relapsing 
multiple sclerosis, N. Engl. J. Med. 367 (12) (2012) 1098–1107. 

[147] E. Havrdova, et al., Oral BG-12 (dimethyl fumarate) for relapsing-remitting 
multiple sclerosis: a review of DEFINE and CONFIRM. Evaluation of: gold R, 
Kappos L, Arnold D, et al. Placebo-controlled phase 3 study of oral BG-12 for 
relapsing multiple sclerosis, N. Engl. J. Med. 367 (2012), 1098-107; and Fox RJ, 
Miller DH, Phillips JT, et al. Placebo-controlled phase 3 study of oral BG-12 or 
glatiramer in multiple sclerosis. N Engl J Med 2012;367:1087-97. Expert Opin 
Pharmacother, 2013. 14(15): pp. 2145–2156. 

[148] W. Kim, et al., Randomised clinical trial: the efficacy and safety of oltipraz, a liver 
X receptor alpha-inhibitory dithiolethione in patients with non-alcoholic fatty 
liver disease, Aliment. Pharmacol. Ther. 45 (8) (2017) 1073–1083. 

[149] C.A. Houghton, Sulforaphane: its "coming of age" as a clinically relevant 
nutraceutical in the prevention and treatment of chronic disease, Oxid Med Cell 
Longev 2019 (2019) 2716870. 

[150] Y. Yagishita, et al., Broccoli or sulforaphane: is it the source or dose that matters? 
Molecules 24 (19) (2019). 

[151] S.C. Gupta, S. Patchva, B.B. Aggarwal, Therapeutic roles of curcumin: lessons 
learned from clinical trials, AAPS J. 15 (1) (2013) 195–218. 

[152] B. Salehi, et al., The therapeutic potential of curcumin: a review of clinical trials, 
Eur. J. Med. Chem. 163 (2019) 527–545. 

[153] A.P. Singh, et al., Health benefits of resveratrol: evidence from clinical studies, 
Med. Res. Rev. 39 (5) (2019) 1851–1891. 

[154] S. Timmers, M.K. Hesselink, P. Schrauwen, Therapeutic potential of resveratrol in 
obesity and type 2 diabetes: new avenues for health benefits? Ann. N. Y. Acad. 
Sci. 1290 (2013) 83–89. 

[155] E.J. Moon, A. Giaccia, Dual roles of NRF2 in tumor prevention and progression: 
possible implications in cancer treatment, Free Radic. Biol. Med. 79 (2015) 
292–299. 

[156] S. Wu, H. Lu, Y. Bai, Nrf2 in cancers: a double-edged sword, Cancer Med 8 (5) 
(2019) 2252–2267. 

[157] L. Lignitto, et al., Nrf2 activation promotes lung cancer metastasis by inhibiting 
the degradation of Bach1, Cell 178 (2) (2019) 316–329, e18. 

[158] H. Wang, et al., NRF2 activation by antioxidant antidiabetic agents accelerates 
tumor metastasis, Sci. Transl. Med. 8 (334) (2016), p. 334ra51. 

[159] S. Tao, et al., The effects of NRF2 modulation on the initiation and progression of 
chemically and genetically induced lung cancer, Mol. Carcinog. 57 (2) (2018) 
182–192. 

[160] D. Ren, et al., Brusatol enhances the efficacy of chemotherapy by inhibiting the 
Nrf2-mediated defense mechanism, Proc. Natl. Acad. Sci. U. S. A. 108 (4) (2011) 
1433–1438. 

[161] Y. Xiang, et al., Brusatol enhances the chemotherapy efficacy of gemcitabine in 
pancreatic cancer via the Nrf2 signalling pathway, Oxid Med Cell Longev 2018 
(2018) 2360427. 

[162] S.J. Cai, et al., Brusatol, an NRF2 inhibitor for future cancer therapeutic, Cell 
Biosci. 9 (2019) 45. 

[163] M.J. Bollong, et al., A small molecule inhibits deregulated NRF2 transcriptional 
activity in cancer, ACS Chem. Biol. 10 (10) (2015) 2193–2198. 

[164] A. Singh, et al., Small molecule inhibitor of NRF2 selectively intervenes 
therapeutic resistance in KEAP1-deficient NSCLC tumors, ACS Chem. Biol. 11 (11) 
(2016) 3214–3225. 

[165] A. Arlt, et al., Inhibition of the Nrf2 transcription factor by the alkaloid 
trigonelline renders pancreatic cancer cells more susceptible to apoptosis through 
decreased proteasomal gene expression and proteasome activity, Oncogene 32 
(40) (2013) 4825–4835. 

[166] A. Manna, et al., The variable chemotherapeutic response of Malabaricone-A in 
leukemic and solid tumor cell lines depends on the degree of redox imbalance, 
Phytomedicine 22 (7–8) (2015) 713–723. 

[167] A. Limonciel, P. Jennings, A review of the evidence that ochratoxin A is an Nrf2 
inhibitor: implications for nephrotoxicity and renal carcinogenicity, Toxins 
(Basel) 6 (1) (2014) 371–379. 

[168] X. Xu, et al., Wogonin reverses multi-drug resistance of human myelogenous 
leukemia K562/A02 cells via downregulation of MRP1 expression by inhibiting 
Nrf2/ARE signaling pathway, Biochem. Pharmacol. 92 (2) (2014) 220–234. 

[169] R.C. Martin, et al., Chemoprevention of carcinogenic progression to esophageal 
adenocarcinoma by the manganese superoxide dismutase supplementation, Clin. 
Canc. Res. 13 (17) (2007) 5176–5182. 

[170] A. Kubo, et al., Dietary antioxidants, fruits, and vegetables and the risk of 
Barrett’s esophagus, Am. J. Gastroenterol. 103 (7) (2008) 1614–1623, quiz 1624. 

[171] S.J. Murphy, et al., Dietary antioxidant and mineral intake in humans is 
associated with reduced risk of esophageal adenocarcinoma but not reflux 
esophagitis or Barrett’s esophagus, J. Nutr. 140 (10) (2010) 1757–1763. 

[172] G. Bjelakovic, et al., Antioxidant supplements for prevention of gastrointestinal 
cancers: a systematic review and meta-analysis, Lancet 364 (9441) (2004) 
1219–1228. 

[173] C.E. Woodall, et al., Chemoprevention of metaplasia initiation and carcinogenic 
progression to esophageal adenocarcinoma by resveratrol supplementation, Anti 
Canc. Drugs 20 (6) (2009) 437–443. 

[174] N. Rawat, et al., Curcumin abrogates bile-induced NF-kappaB activity and DNA 
damage in vitro and suppresses NF-kappaB activity whilst promoting apoptosis in 
vivo, suggesting chemopreventative potential in Barrett’s oesophagus, Clin. 
Transl. Oncol. 14 (4) (2012) 302–311. 

D. Peng et al.                                                                                                                                                                                                                                    

http://refhub.elsevier.com/S2213-2317(21)00042-2/sref124
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref124
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref124
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref125
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref125
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref126
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref126
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref127
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref127
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref128
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref128
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref129
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref129
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref130
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref130
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref131
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref131
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref132
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref132
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref133
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref133
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref133
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref134
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref134
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref134
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref135
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref135
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref136
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref136
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref136
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref137
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref137
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref137
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref138
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref138
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref139
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref139
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref139
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref139
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref140
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref140
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref140
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref141
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref141
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref141
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref142
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref142
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref142
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref143
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref143
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref144
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref144
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref144
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref145
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref145
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref146
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref146
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref147
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref147
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref147
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref147
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref147
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref147
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref147
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref148
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref148
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref148
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref149
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref149
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref149
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref150
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref150
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref151
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref151
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref152
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref152
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref153
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref153
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref154
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref154
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref154
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref155
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref155
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref155
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref156
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref156
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref157
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref157
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref158
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref158
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref159
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref159
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref159
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref160
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref160
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref160
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref161
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref161
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref161
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref162
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref162
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref163
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref163
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref164
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref164
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref164
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref165
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref165
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref165
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref165
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref166
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref166
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref166
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref167
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref167
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref167
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref168
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref168
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref168
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref169
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref169
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref169
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref170
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref170
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref171
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref171
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref171
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref172
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref172
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref172
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref173
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref173
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref173
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref174
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref174
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref174
http://refhub.elsevier.com/S2213-2317(21)00042-2/sref174

	The antioxidant response in Barrett’s tumorigenesis: A double-edged sword
	1 Introduction
	2 Increased oxidative stress during GERD-BE-EAC cascades
	3 Dysfunction of anti-oxidant enzymes contributes to oxidative stress in Barrett’s tumorigenesis
	4 The rebalance of redox signaling in esophageal adenocarcinoma
	5 Dual roles of NRF2 in Barrett’s tumorigenesis
	6 Modulation of oxidants and antioxidants in GERD-BE and EAC
	7 Conclusions
	Declaration of competing interest
	Acknowledgements
	References


