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Simple Summary: Although the Keap1-Nrf2 pathway represents a powerful cell defense mechanism
against a variety of toxic insults, its role in acute or chronic liver damage and tumor development is
not completely understood. This review addresses how Nrf2 is involved in liver pathophysiology and
critically discusses the contrasting results emerging from the literature. The aim of the present report
is to stimulate further investigation on the role of Nrf2 that could lead to define the best strategies to
therapeutically target this pathway.
Abstract: Activation of the Keap1/Nrf2 pathway, the most important cell defense signal, triggered
to neutralize the harmful effects of electrophilic and oxidative stress, plays a crucial role in cell
survival. Therefore, its ability to attenuate acute and chronic liver damage, where oxidative stress
represents the key player, is not surprising. On the other hand, while Nrf2 promotes proliferation in
cancer cells, its role in non-neoplastic hepatocytes is a matter of debate. Another topic of uncertainty
concerns the nature of the mechanisms of Nrf2 activation in hepatocarcinogenesis. Indeed, it remains
unclear what is the main mechanism behind the sustained activation of the Keap1/Nrf2 pathway
in hepatocarcinogenesis. This raises doubts about the best strategies to therapeutically target this
pathway. In this review, we will analyze and discuss our present knowledge concerning the role of
Nrf2 in hepatic physiology and pathology, including hepatocellular carcinoma. In particular, we will
critically examine and discuss some findings originating from animal models that raise questions that
still need to be adequately answered.
Keywords: liver regeneration; acute and chronic liver injury; multistep hepatocarcinogenesis;
Keap1/Nrf2 pathway

1. Introduction
The Kelch-like ECH-associated protein 1 and nuclear factor (erythroid-derived-2)-like 2
(Keap1/Nrf2) pathway is one of the most important cellular defense systems against environmental
stress. Nrf2 is a basic leucine zipper transcription factor belonging to the Cap N0 Collar (CNC) family
that binds to DNA unique sequences, named antioxidant responsive elements (AREs) [1–3]. Keap1
is a substrate adaptor for a Cul3 dependent ubiquitin ligase complex responsible for the negative
regulation of Nrf2 and other proteins [1]. Under normal or unstressed conditions Nrf2 is sequestered
in the cytoplasm by Keap1, and rapidly degraded in the proteasome. The interaction between Keap1
and Nrf2 requires the Nrf2 DLG and ETGE domains: ETGE engages Nrf2 with Keap1, while the DLG
motif acts as latch to (un)lock the Nrf2 Neh2 domain in an appropriate spatial orientation, and thus
regulates Nrf2 stability and ubiquitination [4,5]. Hence, Keap1 mediates Nrf2 polyubiquitination and,
therefore, its proteasomal degradation. Under oxidative stress, such as exposure to reactive oxygen
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species (ROS) or electrophiles, Keap1 undergoes conformational modifications, resulting in the loss of
interaction between Nrf2 and Keap1 [4–6]. As a consequence, Nrf2 is not degraded, but moves to the
nucleus where it promotes transcription of a number of genes involved in cellular protection, including
phase I (such as NAD(P)H:quinone oxidoreductase 1 (NQO1) and heme oxygenase (HO)-1), phase II
(glutathione S-transferase (GST)), and phase III enzymes [6–9]. By modulating a wide range of cell
defense processes, Nrf2 enhances the cell’s capability to counteract harmful substances.
Considering that the liver is the major organ involved in chemical detoxification and drug
metabolism, it is not surprising that Nrf2 is highly expressed in hepatocytes, to antagonize the high
levels of ROS and, therefore, maintain liver homeostasis and favor cell survival [10]. In agreement,
Nrf2 signaling attenuates the pathological features of chronic liver injuries by suppressing oxidative
stress (due to the unbalance between increased ROS production and decreased antioxidant defenses),
which is known to be the key player in the development and progression of chronic liver damage [11].
Nrf2 was originally considered as a pro-survival and tumor suppressor gene because of its
cytoprotective function against exogenous and endogenous insults. However, several studies
provided evidence that hyperactivation of the Nrf2 pathway creates an environment that favors
the survival of DNA-damaged cells, protecting them against oxidative stress, chemotherapeutic agents,
and radiotherapy, thus favoring cancer progression (Reviewed in [12,13]). The identification of a
dark side of Nrf2 has generated new interest and some concern, because it is still unclear whether
interference with Nrf2 results in a beneficial, or in a harmful, condition.
2. Nrf2 in Hepatic Regeneration
As the liver exerts an essential role in regulating the metabolic functions of the body, it must
be able to rapidly and efficiently respond to, and cope with, metabolic perturbations. The liver’s
capability to rapidly restore its mass has long been recognized as a crucial topic of study, both for
experimental research as well as for clinical applications. Indeed, the efficient regenerative ability of
the liver is required in conditions such as the transplantation of partial liver grafts, the living-related
transplantation, or in those of elderly status displaying an impaired liver regenerative capacity [14–16]
Liver regeneration after 70% partial hepatectomy (PH) represents a classic and well-recognized
experimental model of rapid, controlled, and reproducible cell proliferation in a mammalian organ
system [17,18].
A relationship between liver regeneration and Nrf2 is now recognized, but very few studies
have clarified the role and significance of this transcription factor in liver cell proliferation.
Beyer et al. were the first to directly investigate the role of Nrf2 as a cell-cycle modulator during PH.
Using Nrf2-lacking mice (KO), they observed a significant reduction in the number of proliferating
hepatocytes at 48 h after PH, but a restauration of the liver mass similar to that of wild type (WT)
animals at 5 days after surgery [19]. They concluded that Nrf2 loss causes a delay of the regenerative
process, possibly due to an impairment of IGF-R1 signaling. Puzzlingly, a delay in liver regeneration
after PH was observed in the same group in mice bearing a constitutively active Nrf2 [20]. From a
mechanistic perspective, they showed that the delay in regeneration was not due to the involvement
of IGF-R1 signaling, as demonstrated in Nrf2 KO mice, but rather to induction of p15 and Bcl2l1l.
Contradictory results have also been obtained by Dai’s group, who showed that in Keap1+/− mice,
who therefore overexpressed Nrf2, there was a delay of S phase entry [21]. In contrast to these
finding, further work by the same group also showed that Nrf2 deficiency resulted in a delay of
hepatocyte mitosis due to dysregulation of cyclin A2, Wee1, Cdc2, and cyclin B1 [22]. To add confusion,
deregulation of cyclins also occurred in Keap1+/− [21]. It is worth mentioning that the contrasting
results reported by Dai’s group were obtained in mice of the same strain and gender, and subjected to
the same extent of surgery (70% PH). Overall, their results cast doubt on the real effect of Nrf2 in the
regulation of cell cycle-related proteins. Irrespective of the mechanism, it remains totally obscure why
either reduction or increase of Nrf2 leads to a similar delay of liver regeneration after PH.
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An experimental study performed including WT, Nrf2 KO, and Nrf2 constitutively activated
mice (due to generation of either Keap1 KO or expression of active Nrf2 mutants) could help clarify
whether and how Nrf2 is involved in hepatic regeneration. Such an experimental setting would allow
the analysis of the same pathway from different perspectives, and the identification of similarities
and differences among the animal groups in the same experimental conditions (e.g., age and gender),
avoiding any bias. It is worth mentioning that, in this context, attention should also be paid to the
presence of intrahepatic shunt, as it has been shown that genetic manipulation could lead to the
development of intrahepatic shunt in Nrf2-null mice [23], thus affecting the regenerative capacity of
the liver [24].
Even less is known concerning liver regeneration post-surgery in rats. Previous work suggested
that rat liver regeneration after PH occurs in a Nrf2-independent manner, as revealed by lower expression
and reduced activity of Nrf2 targets, such as glucose-6-phosphate dehydrogenase (G6pd) [25]. On the
other hand, a strong induction of the expression of Nrf2 target genes, such as the placental form of
glutathione S-transferase (Gstp) and Nqo1, was observed when hepatocyte proliferation was stimulated
by treatment with metals endowed with hepatomitogenic activity, such as lead nitrate (LN) [26].
This suggests that Nrf2 contribution to liver proliferation in rat liver could be dependent upon the
nature of the proliferative stimulus; if so, it remains to be established whether Nrf2 is required for
hepatocyte proliferation, or to handle the hepatotoxicity of exogenous mitogens.
Discrepancies can also be found when examining regeneration after carcinogen-induced acute
liver injury. Ngo and collaborators found that Nrf2-null mice did not develop liver cancer after
diethylnitrosamine (DEN) administration. They suggested that this effect was probably the consequence
of an impairment of regeneration following DEN-induced liver necrosis [27]. In Nrf2 KO rats,
while the loss of Nrf2 completely inhibited the early steps of DEN-induced hepatocarcinogenesis,
liver regeneration post-liver injury induced by DEN was similar to that of Nrf2 WT rats, suggesting that
other mechanisms can sustain liver regeneration in the absence of Nrf2 [28]. Whether these differences
are species-dependent remains elusive.
In conclusion, the role of Nrf2 in liver regeneration is far for being understood, and more studies
are required.
3. Nrf2 in Acute Hepatotoxicity
The protective role of Nrf2 in hepatotoxicity has been well established. Indeed, Nrf2-KO mice
were more susceptible to acetaminophen-induced acute liver injury than WT animals [29], and it has
been proposed that this protective role is played by the p62/Nrf2/Keap1 axis [30]. Indeed, sulforaphane
pre-treatment attenuated lipid peroxidation and liver failure after acetaminophen exposure by triggering
Nrf2-target genes, further supporting the pivotal role of Nrf2 in the protection against hepatotoxicity [31].
In another experimental setting, hepato-specific deletion of Nrf2 sensitized cells to CCl4 -induced
liver damage and increased fibrosis and inflammation [32]. Accordingly, Klasseen and collaborators
demonstrated that, in a condition of Nrf2 overexpression, cadmium- and/or furosemide-induced liver
injury was attenuated compared to that observed in WT mice [33,34]. In hepatotoxicity induced by
microcystins (toxins produced by certain freshwater blue-green algae) Nrf2 prevented glutathione
depletion and protected against oxidative stress-induced liver damage [35]. In line with this report, Gu
and co-workers reported that alpha lipoic acid attenuated microcystin-leucine arginine (M-LR)-induced
hepatotoxicity through Nrf2 modulation and regeneration of glutathione synthesis [36].
Aflatoxin-B1 (AFB1) is one of the most potent genotoxic and hepatocarcinogenic agents.
Nrf2 KO rats are more sensitive to the toxic effects of AFB1 compared to WT animals [37].
Intriguingly, while the induction of cellular glutathione by the potent triterpenoid CDDO-Im (2-cyano-3,
12 dioxoolean-1,9-dien-28-oic acid-imidazole) attenuated AFB1-hepatotoxicity in WT rats, this effect
was completely lost in Nrf2 KO animals, suggesting that the beneficial effects of CDDO-Im are
Nrf2-dependent [37]. This is in agreement with a study which identified Nrf2 relevance in the
detoxification response after AFB1 exposure, suggesting a Nrf2 chemoprotective role [38]. In general,
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loss of Nrf2 has been demonstrated to increase the sensitivity to several other toxic chemicals, such as
acetaminofen, carbon tetrachloride, 3,5-Diethoxycarbonyl-1,4-dihydrocollidine (DDC), and cadmium
chloride, highlighting a critical role of this transcription factor and its downstream target genes in
acute and chronic liver damage [39–44].
Altogether, these studies suggest that Nrf2 is a key factor in the protection against hepatic injuries
induced by several toxic agents.
4. Nrf2 in Chronic Liver Injury
As mentioned before, oxidative stress has a pivotal role in the pathophysiology of several chronic
liver diseases. Thus, Nrf2 involvement in the chronic liver damage occurring during viral hepatitis,
and alcoholic and non-alcoholic fatty liver diseases is not surprising.
4.1. Nrf2 in Viral Hepatitis
Both HBV and HCV are known causes of hepatocellular carcinoma (HCC), through promotion of
inflammation and oxidative stress in the liver [45]. Under these conditions, occurring liver damage is
followed by fibrosis, cirrhosis, and HCC [46]. Among the mechanisms responsible for the ability of HBV
to induce HCC, it has been proposed that the viral protein HBx interacts with p62 [47] which sequesters
Keap1, preventing its interaction with Nrf2, and allowing Nrf2 stabilization and translocation to the
nucleus [48]. Thus, the formation of the HBx-p62-Keap1 complex results in Nrf2 activation. As these
results imply a possible role of Nrf2 in survival of viral hepatitis-infected cells, it would be interesting
to explore whether Nrf2 modulation might be a therapeutic strategy in HBV infections.
As far as HCV is concerned, HCV-associated HCC has been reported to be linked to p62
accumulation, which promotes Nrf2-dependent metabolic reprogramming [49]. In line with these
reports, Nrf2 knockdown markedly suppressed HCV infection in HCV-persistently-infected cell
lines [50].
If these results suggest that Nrf2 activation favors survival of virus-infected cells and increases
the risk of HCC, contrasting results stem from other studies showing that HCV impairs the regulation
of antioxidant enzymes by affecting Nrf2-sMaf binding [51]. The latter data were interpreted by the
authors to suggest that the lack of Nrf2 may pave the ground for the genomic alterations required for
neoplastic transformation.
Consistently, the phytocompound Lucidone inhibited HCV activity by promoting Nrf2-mediated
transcription of HO-1, which suppressed HCV replication through its product, biliverdin [52]. Similar
results have been obtained by Tseng et al. who found that Celastrol, a quinone methide triterpene,
triggered NS3/4A protease activity inhibition through HO-1 induction and, in turn, suppressed HCV
replication [53]. In the same line, treatment with the antioxidant sulforaphane suppressed viral
replication; this effect was mitigated by the knockdown of the Nrf2-target gene HO-1, implying the
essentiality of HO-1 in sulforaphane treatment [54].
Taken together, there are contrasting reports about the implication of Nrf2 in viral hepatitis
infection. On one hand, Nrf2 induction inhibits virus replication through its target genes (i.e., HO-1);
on the other hand, HBV- and HCV-positive cells might exploit the protective function of Nrf2, and this
could contribute to liver tumorigenesis [55].
4.2. Nrf2 in Alcoholic Fatty Liver Disease (AFLD)
Chronic alcohol consumption is a well-known risk factor for HCC development. An effect
of prolonged ethanol uptake is the increase of ROS production that, together with cell death,
increases proliferation and inflammation, contributing to the onset of liver cancer [56]. Several reports
have shown the crucial role of Nrf2 in liver protection after alcohol exposure (reviewed in [57]).
In ethanol-exposed mice, Nrf2 genetic inactivation deeply worsened hepatic damage. Indeed, Nrf2-null
mice displayed severe liver failure that led to death within 24 days upon an ethanol-supplemented
regimen [58,59]. Besides the aggravated inflammatory response, Nrf2-null mice exhibited an
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accumulation of the toxic metabolite acetaldehyde. In a mirror experiment, hepatocyte-specific Keap1
KO mice (endowed with higher Nrf2 activity) exhibited decreased serum alanine aminotransferase
(ALT) levels after ethanol administration [60]. In support of the beneficial role of Nrf2 in alcohol-induced
liver damage, pharmacological activation of this transcription factor attenuated alcohol-induced liver
failure by decreasing ROS production and apoptosis [61,62].
Other works evidenced that Nrf2 accelerates alcohol-induced steatohepatitis. In fact, Wang and
collaborators found that Nrf2-signalling positively modulated the expression of hepatic very low-density
lipoproteins receptor (VLDLR), which contributes to the development of alcohol-induced liver
injury [63]. In agreement, ethyl pyruvate attenuated AFLD by downregulating the Keap1/Nrf2
pathway [64].
It has been well established that cirrhosis is the end stage of alcoholic fatty liver disease, and further
enhances the probability of HCC development [56]. Nrf2’s role in this stage of the disease is, at present,
not clear. Ceni et al. reported that acetaldehyde treatment (used as a model of alcoholic liver fibrosis)
triggered hepatic stellate cell (HSC) activation through the induction of oxidative stress [65]. By using
the same model of HSC activation, Ni et al. found that treatment with IL-22 inhibited HSC proliferation
in a Nrf2 dependent manner [66].
Even though these studies suggest an involvement of Nrf2 in AFLD progression,
more comprehensive studies, with proper cellular and animal models, are needed to determine
the specific role of Nrf2 in the different liver cell types.
4.3. Nrf2 in Non-Alcoholic Fatty Liver Disease (NAFLD)
Non-alcoholic fatty liver disease is rapidly becoming one of the most common causes of chronic liver
disease worldwide, and it is a major cause of liver-related morbidity and mortality [67]. NAFLD begins
with aberrant triglyceride accumulation in the liver and may progress to non-alcoholic steatohepatitis
(NASH), cirrhosis, and HCC. Oxidative stress has been proposed as the major actor involved in
NAFLD-NASH pathogenesis [6,68–70].
Studies by Yates et al. suggested that Nrf2 overactivation could play a role in lipid metabolism,
leading to downregulation of genes involved in fatty acid synthesis [71]. The same group
also demonstrated that treatment with CDDO-Im reduced fat accumulation by 40% in high-fat
diet-(HFD)-fed mice, and that this effect was lost in Nrf2 KO mice, supporting the notion that Nrf2 is
involved in hepatic lipid homeostasis [72].
Notably, while WT mice “exclusively” exhibited steatosis when fed HFD, Nrf2 loss promoted
the progression of steatosis to NASH, with severe liver injury and subsequent inflammation [73].
Similar results have also been obtained with another model of NASH, namely the methionine-choline
deficient (MCD) diet, a regimen that induces fatty changes, liver damage, cirrhosis, and then HCC [74,75].
When fed an MCD diet, Nrf2 null mice developed severe steatosis, showed enhanced ROS production,
and worse inflammation and fibrosis compared to their WT counterparts, likely due to a decrease
of antioxidant systems [76,77]. Further support for the protective effect of Nrf2 came from a recent
study showing that Nrf2 overexpression suppressed the deleterious effect on NASH progression of the
hepatocyte-specific c-Met KO (known to trigger NASH development in MCD-fed mice) [78,79].
Some works have shown that pharmacological activation of Nrf2 reverses steatosis and improves
the pathological hallmarks of NASH. Indeed, Ezetimibe, a FDA-approved drug for the treatment of
hypercholesterolemia [80], attenuated the pathological status of steatohepatitis through p62-dependent
Nrf2 activation. Lee and colleagues showed that Ezetimibe activates the AMP-activated protein kinase
(AMPK), which phosphorylates p62 at S351, thus allowing p62/Keap1 binding and subsequent Nrf2
activation and nuclear translocation [81]. Similarly, the administration of acetylenic tricyclic bis(cyano
enone) (TBE-31) mitigated NASH by decreasing endoplasmic reticulum stress, oxidative stress,
and inflammation in WT mice (but not in Nrf2 null mice) previously treated with HFD, along with
fructose-containing drinking water [82]. This underlines the requirement of Nrf2 in the mechanism
responsible for the protective effect of TBE-31.
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HCC is the most common primary malignancy of the liver [83] and the fourth most common cause
HCC is the most common primary malignancy of the liver [83] and the fourth most common
of cancer-related death worldwide. HCC has a dismal prognosis, with the ratio between mortality and
cause of cancer-related death worldwide. HCC has a dismal prognosis, with the ratio between
incidence being approximately 95% [84]. Unfortunately, at the moment, no effective systemic therapy
mortality and incidence being approximately 95% [84]. Unfortunately, at the moment, no effective
exists for patients with advanced HCC, and the few FDA-approved multikinase inhibitors showed
systemic therapy exists for patients with advanced HCC, and the few FDA-approved multikinase
only an unsatisfactory improvement in survival [85]. For this reason, a more complete understanding
inhibitors showed only an unsatisfactory improvement in survival [85]. For this reason, a more
of the molecular mechanisms involved in HCC development and progression is pivotal for improving
complete understanding of the molecular mechanisms involved in HCC development and
therapeutic strategies for this lethal tumor. Liver cirrhosis represents one of the major risk factors
progression is pivotal for improving therapeutic strategies for this lethal tumor. Liver cirrhosis
for HCC development, and is often preceded by hepatitis of different etiologies, such as HCV, HBV,
represents one of the major risk factors for HCC development, and is often preceded by hepatitis of
alcohol, and hypernutrition [86]. Since these conditions share the pivotal role of oxidative stress as the
different etiologies, such as HCV, HBV, alcohol, and hypernutrition [86]. Since these conditions share
main pathogenic driver [87], a growing number of researchers have focused their attention on the role
the pivotal role of oxidative stress as the main pathogenic driver [87], a growing number of
of the Keap1/Nrf2 pathway in HCC (for comprehensive reviews see [88,89]).
researchers have focused their attention on the role of the Keap1/Nrf2 pathway in HCC (for
comprehensive
reviews
see [88,89]).
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5.1. Nrf2
Canceranti-tumorigenic
Prevention
based on the cell-protective ability of this transcription factor. Indeed, mice knockout for the
The possible anti-tumorigenic activity of Nrf2 in non-HCC models was originally proposed
Nrf2 downstream target, Nqo1, displayed susceptibility to benzo(a)pyrene-induced tumor skin
based on the cell-protective ability of this transcription factor. Indeed, mice knockout for the Nrf2
development [90]. Moreover, the role of Nrf2 in cancer prevention has been demonstrated in
downstream target, Nqo1, displayed susceptibility to benzo(a)pyrene-induced tumor skin
Nrf2 null mice in which benzo(a)pyrene-induced gastric cancers occurred with higher frequency,
development [90]. Moreover, the role of Nrf2 in cancer prevention has been demonstrated in Nrf2
compared to their WT counterpart [91]. In addition, while treatment of WT mice with Oltipraz
null mice in which benzo(a)pyrene-induced gastric cancers occurred with higher frequency,
(a synthetic dithiolethione, exerting its chemopreventive action through modulation of conjugating
compared to their WT counterpart [91]. In addition, while treatment of WT mice with Oltipraz (a
and detoxification enzymes such as GST, NQO1, and glutathione reductase [92,93]) reduced by 52%
synthetic dithiolethione, exerting its chemopreventive action through modulation of conjugating and
the number of tumors detected in the forestomach, its chemoprotective activity was completely lost
detoxification enzymes such as GST, NQO1, and glutathione reductase [92,93]) reduced by 52% the
in Nrf2 null mice [91]. Similar results have been obtained in bladder cancer after the exposure of
number of tumors detected in the forestomach, its chemoprotective activity was completely lost in
N-butyl-N-(4-hydroxybutyl)nitrosamine) (BBN) [94].
Nrf2 null mice [91]. Similar results have been obtained in bladder cancer after the exposure of NModulation of the Nrf2 signaling deeply affects the initiation step of hepatocarcinogenesis,
butyl-N-(4-hydroxybutyl)nitrosamine) (BBN) [94].
as confirmed by chemical-induced carcinogenesis experiments performed in Nrf2 KO mice. Indeed,
Modulation of the Nrf2 signaling deeply affects the initiation step of hepatocarcinogenesis, as
in these mice Kitamura and collaborators showed an increased sensitivity to 2-amino-3-methylimidazol
confirmed by chemical-induced carcinogenesis experiments performed in Nrf2 KO mice. Indeed, in
these mice Kitamura and collaborators showed an increased sensitivity to 2-amino-3-methylimidazol
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(4,5-f )quinoline (IQ) hepatocarcinogenicity, possibly due to IQ accumulation as a consequence of
decreased GST activity, followed by oxidative damage, and hepatic failure [95]. A higher susceptibility
to DNA adducts, hepatotoxicity, and cancer development was also shown by other groups [13,96].
As a consequence of the role played by Nrf2 in antioxidative defense, Nrf2 activation should be
pursued for preventing, not only chronic liver diseases, but also cancer development, especially at
early stages of hepatocarcinogenesis [13].
In line with this hypothesis a series of in vitro studies suggested the chemopreventive activity
of Nrf2, especially in the case of aflatoxin B1 (AFB1)-induced HCC. Sulforaphane, a phytochemical
whose precursor is abundant in a variety of cruciferous vegetables, especially in broccoli sprouts,
directly interacts with Keap1 cysteine residues resulting in Keap1 inactivation and activation of Nrf2
transcriptional program [97,98]. Accordingly, sulforaphane-mediated Nrf2 induction interferes with
cell viability, as well as cell migration and colony formation in human hepatoma cells [99]. A series
of clinical trials conducted in Qidong, China (a region where patients have high dietary exposure
to AFB1), showed that Sulforaphane contained in broccoli sprouts increased aflatoxin detoxification,
thus attenuating cancer risk [98].
Similar conclusions were also achieved in in vivo models of AFB1-induced liver cancer, using the
Nrf2 activator Oltipraz. Kensler and co-workers investigated the dietary effect of Oltipraz in countering
AFB1 metabolism, DNA adducts, and hepatic tumorigenesis in male F344 rats [100]. Oltipraz treatment
resulted in a significant reduction in the liver area occupied by preneoplastic lesions. In the authors’
opinion, the protection against tumorigenesis is attributable to the inhibition of aflatoxin metabolism
and to the enhancement of electrophile detoxification. Moreover, a long-term experiment performed
by the same group demonstrated a complete protection of Oltipraz against AFB1-induced cancer
associated with longer life span and improvement in survival [101]. The translational value of these
observations was definitively assessed in a phase IIa trial performed in China, showing that high doses
of Oltipraz strongly decreased the levels of Aflatoxin M1, the major phase 1 oxidative metabolite of
aflatoxin [102]. CDDO-Im is a synthetic triterpenoid that induces a number of genes that are under
control of Nrf2. Yates et al., who evaluated the chemopreventive activity of CDDO-Im, showed that
it reduced the formation of hepatic preneoplastic lesions, and inhibited the hepatocarcinogenic
process, reducing AFB1 adducts and increasing the mRNA levels of the detoxification enzymes [38].
The chemopreventive effect was completely lost in Nrf2 KO mice, further suggesting that it is mediated
by Nrf2-induced detoxification enzymes [38]. In the same line, Yamamoto’s group demonstrated that
Nrf2 loss strongly affected the susceptibility of rats to AFB1 toxicity, as shown by higher hepatotoxicity
and DNA-adducts after a single exposure of AFB1, compared to their WT counterpart. Additionally,
Nrf2 KO rats were prone to lethality, as the CDDO-Im effect was completely lost, further confirming
the notion that the CDDO-Im chemoprotective role is mediated by Nrf2 modulation [37].
Taken together, all these reports suggest that, in addition to its inhibitory effect on liver
injury caused by hepatotoxins, activation of the Keap1/Nrf2 pathway might inhibit the first step
of hepatocarcinogenesis (initiation step) by impairing the biotransformation of pro-carcinogens and,
consequently, the formation of highly reactive metabolites that, through their binding to DNA,
can induce mutations in genes relevant for cancer development (Figure 2).
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that Nrf2-mediated induction of anti-apoptotic proteins could play a role in the drug resistance of
cancer cells. Indeed, Nrf2 promoted cell survival by inducing transcription of the anti-apoptotic
proteins Bcl-2 [111] and Bcl-xL, and downregulation of the pro-apoptotic factors, Bax and caspase
3/7 [112]. In agreement with these studies, caspase-3 activity has been shown to significantly increase
upon Nrf2 loss [113], further supporting the notion that Nrf2 has a role in controlling survival.
It is common knowledge that hepatocarcinogenesis is a multiphasic process, starting from
preneoplastic foci to nodules, and progressing to early HCC and advanced HCC. This notion raised the
relevant question of whether activation of the Keap1/Nrf2 pathway was an early event, possibly driving
cancer development, or a change linked to the neoplastic transformation typical of late stages of
cancer progression.
Unfortunately, a limiting factor in the study of late stages of hepatocarcinogenesis is that it is difficult
to discriminate the molecular alterations that are the cause from those that are simply the consequence
of cell transformation. Furthermore, the study of the early steps of human hepatocarcinogenesis is
hampered by late diagnosis, mainly due to the lack of symptoms in the early phases [114]. Therefore,
when and how Nrf2 interferes with the process of initiation, promotion, and progression of HCC is not
fully understood. In this scenario, animal models are an essential tool to understand the involvement
of Nrf2 in the pathogenesis of liver cancer.
Animal models allow the dissection of the several steps of hepatocarcinogenesis, such as
the rat resistant-hepatocyte (RH) and the choline-methionine deficient (CMD) models [74,115],
whose translational value have been established [116,117], have been very useful to address this question.
By using these animal models, Columbano et al. showed that the dysregulation of the Keap1/Nrf2
pathway takes place in the earliest steps of hepatocarcinogenesis [28,117–119]. In addition, it was
shown that the genetic inactivation of Nrf2 fully impaired the clonal expansion of carcinogen-initiated
hepatocytes to preneoplastic nodules in rats [28], in spite of the presence of a tumor promoting
environment, such as liver damage and compensatory hepatocyte proliferation caused by CMD diet.
The inability of Nrf2 KO to develop preneoplastic nodules supports the notion that Nrf2 is essential for
the growth of carcinogen-altered hepatocytes [28]. In this line, studies with Nrf2 KO mice showed
that while DEN injection to WT newborn animals led to HCC development in 100% of the animals,
no tumors were observed in Nrf2 KO mice [27].
Intriguingly, however, while in both these studies Nrf2 genetic inactivation led to inhibition
of the tumorigenic process, there is discrepancy in the interpretation of such an inhibitory effect.
Indeed, Ngo et al. suggested that the inhibition of the tumorigenic process was due to an insufficient
compensatory proliferation following DEN-induced liver necrosis, and therefore, leading to an
impairment of the initiation step [27]; on the other hand, no difference in DEN-induced DNA damage,
DNA repair, liver necrosis, and compensatory regeneration was found in Nrf2 KO and WT rats,
suggesting that lack of Nrf2 did not affect initiation of hepatocarcinogenesis, but rather inhibited the
promotion step by severely impairing the growth of initiated cells to a preneoplastic stage [28].
Irrespective of the mechanisms involved, from these studies it is evident that Nrf2 is mandatory
for HCC initiation and progression. However, it is important to stress that, while Nrf2 seems to be
essential for HCC development, it does not act as on oncogene when overexpressed in hepatocytes,
as it is not sufficient to promote the transformation of liver cells [118,120]. In the same line, are the
findings that Keap1 knockdown mice display increased proliferation of forestomach epithelium, but not
cancer [121], and that constitutive activation of Nrf2 (by deletion of its Neh2-Keap1-interaction domain)
does not increase the rate of primary tumor formation in a mouse cancer model [122].
In human HCCs, support for a pro-tumorigenic role of Nrf2 stems from the observation that Nrf2
expression correlates with tumor size, poor differentiation, and presence of metastasis. In addition,
high levels of Nrf2 are associated with decreased survival [123]. Moreover, high levels of activation
of the Nrf2 pathway (evaluated as high NQO1 expression) in human HCC correlated with elevated
α-fetoprotein, large tumor size, worse prognosis, and higher incidence of recurrence [124]. Similarly,
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a reduced expression of the Nrf2 inhibitor Keap1, was associated to poor 5-year overall survival and
worse disease-free survival [125].
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6.2. The Crosstalk between Nrf2 and p62.
Besides the canonical regulation, another Nrf2 activation mechanism depending on Keap1 was
identified by two different groups in 2010 [48,131]. This “non-canonical” regulation is mediated by
the p62 protein. P62, also known as sequestosome 1 and A170 (p62/SQSTM1/A170), is a selective
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6.2. The Crosstalk between Nrf2 and p62
Besides the canonical regulation, another Nrf2 activation mechanism depending on Keap1 was
identified by two different groups in 2010 [48,131]. This “non-canonical” regulation is mediated by the
p62 protein. P62, also known as sequestosome 1 and A170 (p62/SQSTM1/A170), is a selective autophagy
adaptor. Autophagy is a multistep process characterized by the development of a phagophore, and its
maturation into an autophagosome, which undergoes fusion with a lysosome for degradation
and recycling of cellular components. Through its ubiquitin-interacting and LC3-interacting
domains, p62 recognizes polyubiquinated proteins, and shuttles them for autophagic clearance [132].
P62 binds to the Keap1-Kelch domain through the Keap1-interacting-region (KIR), competing with
Nrf2, and displacing the Keap1/Nrf2 interaction. Specifically, the phosphorylation of p62 on S351
increases p62 binding affinity for Keap1, leading to Keap1 sequestration and autophagy-mediated
degradation [48,133]. As a result, Nrf2 is stabilized and translocated into the nucleus, where it induces
the transcription of its target-genes, including p62, generating a positive feedback loop [134].
Mice models carrying autophagy defects proved a useful tool to understand the involvement of
the Keap1-Nrf2-p62 axis in liver cancer. In a context of autophagy defect, the development of multiple
tumors is driven by p62 accumulation and subsequent Keap1 sequestration. This is demonstrated
by the fact that the genetic inactivation of p62 in mice fully impaired tumor formation, likely due
to the restauration of the Keap1-Nrf2 binding and subsequent Nrf2 inactivation [135]. Accordingly,
Nrf2 deletion prevented the formation of liver tumors, suggesting that Nrf2 is required for p62-driven
tumor development [136,137].
Intriguingly, autophagy seems to play a dual role in HCC development, depending on the stage
of tumorigenesis. Therefore, several studies have been performed to investigate the role of p62 in
the different steps of hepatocarcinogenesis. A very recent study showed that in the CMD rat model
of hepatocarcinogenesis, the p62-driven Nrf2 activation occurs at late stages [119]. This is in line
with the literature reports that p62 accumulation is a late event in murine hepatocarcinogenesis [138].
Interestingly, in the CMD model no p62 could be observed in early preneoplastic foci/nodules
carrying Nrf2 mutations, while its accumulation occurred at late stages in HCC devoid of Nrf2
mutation [119]. The progressive loss of mutations associated with a concomitant p62 accumulation
implies that distinct mechanisms are responsible for Keap1/Nrf2 pathway activation at different
steps of hepatocarcinogenesis (Figure 4). However, whether this is a general phenomenon, or is
unique to the CMD model is unclear, as in the RH model, Kowalik et al. showed p62 accumulation
in a subset of aggressive preneoplastic nodules, characterized by their positivity to the putative
stem/progenitor cell marker cytokeratin-19 and a high frequency of Nrf2 mutations [139]. In addition,
Umemura et al. showed that p62 accumulation is a crucial pre-neoplastic event that leads to activation
of Nrf2, and promotes liver cancer development in mouse models [140].
A p62-dependent Nrf2 regulation has also been demonstrated in human HCC, where p62
upregulation correlated to increased risk of HCC development [49,141,142].
Furthermore,
Komatsu’s group demonstrated that p62 promoted HCV-associated liver tumorigenesis and
chemoresistance through Nrf2-dependent metabolic reprogramming [49]. Hence, p62 targeting
could be an important strategy in HCCs characterized by alteration of the Keap1-Nrf2-p62 axis.
K67, a compound that interferes with the interaction between phospho-p62 and Keap1, resulting
in the restoration of the Keap1-Nrf2 binding, has been shown to render cancer cells sensitive to
anti-cancer drugs [49]. In line with this report, a K67 derivate has demonstrated its efficacy in
inhibiting phospho-p62-Keap1 interaction in the Huh-7 HCC cell line, overcoming in vitro resistance
to chemotherapeutic agents [142].
In the autophagy context, it is important to underline that, together with the canonical
(ROS-dependent, KEAP1-dependent) and non-canonical (p62-dependent) mechanisms of NRF2
activation, endoplasmic reticulum (ER) stress represents an additional connection between autophagy
and Nrf2 [143,144]. Indeed, eukaryotic translation initiation factor 2 alpha kinase 3 (PERK), a type
I ER transmembrane protein which participates in the regulation of the Glucose regulatory protein
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78 (GRP78) [145], in response to proteins accumulated in the ER lumen, is separated from Keap1
and phosphorylates Nrf2 [146], allowing its nuclear translocation, and activation of cell survival
signals. Accordingly, persistent HCV replication in liver cirrhosis has been shown to activate NRF2
phosphorylation and nuclear translocation, suggesting that the PERK pathway could directly contribute
to
cell survival
Cancers
2020, 12, x through NRF2 phosphorylation and to HCC development [147].
12 of 28
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6.3. Nrf2 Regulation by MicroRNAs
6.3. Nrf2 Regulation by MicroRNAs.
MicroRNAs (miRNAs) are single stranded non-coding RNAs involved in the regulation of gene
MicroRNAs (miRNAs) are single stranded non-coding RNAs involved in the regulation of gene
expression. MiRNAs post-transcriptionally inhibit mRNA translation into proteins, and can contribute
expression. MiRNAs post-transcriptionally inhibit mRNA translation into proteins, and can
to the regulation of diverse cellular processes [148,149]. In cancer, miRNAs have been proposed to
contribute to the regulation of diverse cellular processes [148,149]. In cancer, miRNAs have been
promote or inhibit cancer progression as they can function as oncogenes or tumor suppressors [149].
proposed to promote or inhibit cancer progression as they can function as oncogenes or tumor
Currently, there is growing interest in the potential role of miRNAs in modulating the Keap1/Nrf2
suppressors [149].
pathway. As far as HCC is concerned, it was shown that miR-141 conferred resistance against
Currently, there is growing interest in the potential role of miRNAs in modulating the
5-Fluorouracil treatment in a Nrf2-dependent manner. Indeed, miR-141 interfered with Keap1 mRNA
Keap1/Nrf2 pathway. As far as HCC is concerned, it was shown that miR-141 conferred resistance
and protein stability, resulting in the constitutive activation and nuclear translocation of Nrf2 [150].
against 5-Fluorouracil treatment in a Nrf2-dependent manner. Indeed, miR-141 interfered with
On the other hand, miR-144 reversed the acquisition of resistance to 5-Fluorouracil in the HCC cell
Keap1 mRNA and protein stability, resulting in the constitutive activation and nuclear translocation
line by targeting Nrf2 mRNA [151]. Shi and collaborators obtained similar results, demonstrating that
of Nrf2 [150]. On the other hand, miR-144 reversed the acquisition of resistance to 5-Fluorouracil in
miR-340 reversed cisplatin resistance of HCC cells by targeting Nrf2 [152]. In vivo studies also
the HCC cell line by targeting Nrf2 mRNA [151]. Shi and collaborators obtained similar results,
pointed to a role for miRNAs in the regulation of the Keap1/Nrf2 pathway. Indeed, rat preneoplastic
demonstrating that miR-340 reversed cisplatin resistance of HCC cells by targeting Nrf2 [152]. In vivo
nodules exhibiting Nrf2 upregulation also displayed upregulation of miR-200a, which directly targets
studies also pointed to a role for miRNAs in the regulation of the Keap1/Nrf2 pathway. Indeed, rat
Keap1 [117].
preneoplastic nodules exhibiting Nrf2 upregulation also displayed upregulation of miR-200a, which
Overall, although the regulation of Nrf2 by miRNAs is a promising area of research, due to
directly targets Keap1 [117].
the very little information about the interaction between miRs and Nrf2 in HCC, the role of small
Overall, although the regulation of Nrf2 by miRNAs is a promising area of research, due to the
non-coding RNAs in modulating the Keap1/Nrf2 pathway in liver tumors remains largely elusive.
very little information about the interaction between miRs and Nrf2 in HCC, the role of small noncoding RNAs in modulating the Keap1/Nrf2 pathway in liver tumors remains largely elusive.
6.4. Posttranslational Keap1/Nrf2 Modulation.
It is common knowledge that metabolites, such as fumarate can interfere with Keap1-Nrf2
binding [153,154]. Fumarate is a Krebs cycle metabolite that acts as an electrophile, and reacts with
Keap1 cysteine residues, causing its conformational modification [153,154]. The resulting succination
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6.4. Posttranslational Keap1/Nrf2 Modulation
It is common knowledge that metabolites, such as fumarate can interfere with Keap1-Nrf2
binding [153,154]. Fumarate is a Krebs cycle metabolite that acts as an electrophile, and reacts with
Keap1 cysteine residues, causing its conformational modification [153,154]. The resulting succination
of Keap1 leads to repression of Nrf2 ubiquitination and its nuclear translocation, thereafter. Similarly to
fumarate, succinylacetone interferes with Nrf2-Keap1 binding by alkylating Keap1 Cys23, Cys319,
Cys406, and Cys513, and resulting in Nrf2 stabilization [155].
Keap1 can also be inactivated by the tripartite motif-containing (TRIM)-25 protein that, in a scenario
of endoplasmic reticulum (ER) stress, directly interacts with Keap1, promoting its ubiquitination
and subsequent degradation. As a consequence, Nrf2 translocates to the nucleus and activates its
transcriptional program. Thus, in the presence of ER stress TRIM25 promotes tumor cell survival and
HCC growth through the modulation of Nrf2 signaling [156].
A novel mechanism by which Nrf2 sustains tumorigenesis is through SUMOylation. Indeed,
defective Nrf2 SUMOylation inhibited HCC development [157]. Nrf2-SUMOylation is required for
stimulation of de novo serine synthesis by Nrf2. In turn, serine enhances ROS clearance, and increases
the level of Nrf2 SUMOylation, leading to sustained HCC growth.
A very recent and interesting study unveiled another possible mechanism of Nrf2 activation in
HCC, showing that Nrf2 activity is dependent on Fructosamine-3-kinase (FN3K), a kinase responsible
for protein de-glycation [129]. The authors showed that in the absence of FN3K, Nrf2 is glycated,
becoming unstable and defective at binding to small MAF proteins. They also showed that HCC
development depends on FN3K in vivo, and that N-acetyl cysteine treatment partially rescued the
effects of FN3K loss. Overall, this study not only revealed an additional mechanism of Nrf2 activation,
but also implicated FN3K as a potential target modulator of Nrf2 activity in cancer (Figure 3).
7. Nrf2 as a Mediator of Resistance
As mentioned before, HCC is one of the most aggressive tumors, and endowed with poor prognosis.
To date, liver transplantation or surgical resection represents the main treatment options in patients
at early stages of HCC. However, the diagnosis of HCC is too often made at late stages, when there
is no effective treatment that can improve a patient’s outcome. A number of chemotherapeutic
and cytotoxic agents have been used for treatment of liver cancer, such as Cisplatin, Docetaxel,
and 5-Fluorouracil [158]. However, the cancer death rates keep rising due to the high resistance of
HCC to conventional chemotherapies. The capability of malignant cells to resist both chemo- and
radiotherapy is the main hurdle in the way of improvement in patient survival. The multidrug resistance
(MDR) of cancer cells is a phenomenon characterized by the resistance to chemo-treatment with several
anticancer drugs, resulting in the decrease of therapeutic efficacy. It has been reported that Nrf2 is
frequently overexpressed in chemo-resistant HCC cells [158,159]. Zhou and colleagues demonstrated
that Nrf2 expression increased when the BEL-7402 cell line was exposed to the 5-Fluorouracil, suggesting
an involvement of this transcription factor in HCC chemoresistance [160]. The use of Camptotechin, a
Nrf2 inhibitor, enhanced the sensitivity of HCC cell lines to chemotherapeutic agents, impairing cancer
cell viability [161]. Furthermore, inhibition of Nrf2 through Apigenin reversed the drug-resistant
phenotype. Mechanistically, Apigenin attenuates the resistance to Doxorubicin by reducing Nrf2
expression through downregulation of the PI3K/AKT pathway [162]. In addition, Nrf2 silencing
suppressed chemoresistance to 5-Fluorouracil and Doxorubicin [163].
Sorafenib, the first FDA-approved molecular drug for the treatment of HCC, is an oral multikinase
inhibitor that inhibits the Raf/MEK/ERK pathway and receptor tyrosine kinases [164]. The role of
Nrf2 in sustaining resistance to sorafenib has been demonstrated in HCC cell lines [163]. Indeed,
Nrf2 overexpression has been observed in Sorafenib-resistant cells, while its suppression of Nrf2 partially
reverted resistance [163], possibly due to its role in mediating Sorafenib-induced ferroptosis [165].
Another mechanism through which Nrf2 could contribute to chemoresistance is the regulation of
the multidrug resistance-associated proteins (MRPs) that enhance the efflux of chemotherapy drugs,
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thus decreasing drug accumulation within cells [158,159]. Experimental evidence supporting this
hypothesis stems from the studies by Maher and collaborators, who observed that mouse liver Mrp2-6
are induced by Nrf2 through its binding to ARE sequences in the MRP promoter regions [166,167].
8. Nrf2 as a Molecular Target
Considering the described dual role of the Keap1/Nrf2 pathway in liver diseases, it is clear that
either Nrf2 activation or inhibition could play a therapeutic role in the different pathologies.
8.1. Nrf2 Activators
As described, Nrf2 activation could provide a clinical advantage in conditions of acute/chronic
liver toxicity during viral infections, and could play a chemopreventive role. To increase Nrf2 activity,
several strategies and compounds have been envisaged [168].
The most successful Nrf2 activator to date is probably the fumaric acid, ester dimethyl
fumarate (DMF), which is FDA-approved for psoriasis [169] and relapsing-remitting multiple sclerosis
(MS) [170,171]. DMF reduced the number of peripheral CD8+ cells and B lymphocytes, leading to an
anti-inflammatory shift in B cell responses [172], and was shown to activate Nrf2 in the central nervous
system in a MS mouse model [173]. DMF-induced Nrf2 activation resulted in improved clinical course,
axon preservation, and enhanced astrocyte activation. These DMF effects were Nrf2-dependent, as they
were lost in Nrf2-null mice.
Oltipraz, an enhancer of GSH biosynthesis and phase II detoxification enzymes, is under phase
III clinical trial for the treatment of nonalcoholic fatty liver disease (ClinicalTrials.gov Identifier:
NCT04142749).
Ursodiol (ursodeoxycholic acid) is an FDA-approved drug for the treatment of primary biliary
cirrhosis. Kawata and colleague showed enhanced hepatic Nrf2 activation after ursodeoxycholic acid
treatment in patients with primary biliary cirrhosis [174].
Several electrophilic compounds (such as sulforaphane, curcumin, resveratrol, quercetin, genistein)
are Nrf2 inducers as they modify Keap1 cysteins, leading to Keap1 conformational changes and
prevention of Nrf2 degradation [175]. Their therapeutic value is currently under evaluation in different
clinical settings).
8.2. Nrf2 Inhibitors
Even though Nrf2’s role in cancer is still debated, an increasing number of reports evidence the
detrimental role of the anti-oxidative role of Nrf2 in liver carcinogenesis. This observation is in line
with previous reports showing that administration of antioxidants per se, may accelerate the later
stages of certain types of cancer [176,177], indicating that antioxidants have distinct effects on different
stages of tumorigenesis.
Thus, Nrf2 inhibition has emerged as a promising therapeutic strategy, and many efforts have
been made to identify inhibitors that could suppress the oncogenic role of this transcription factor
(for exhaustive reviews on Nrf2 inhibitors see [178,179]).
Natural compounds derived from medicinal plants have long been proposed as therapeutic agents
in a wide number of human diseases. Recently, many plant extracts have been suggested to play a
role as anticancer agents. Not surprisingly, based on the notion that Nrf2 displays oncogenic activity,
several efforts have been made to identify natural compounds with inhibitory properties on Nrf2
functions. Those listed below represent the best known and most used natural compounds to inhibit
Nrf2 in the context of HCC: (see also Table 1).
(1) Brusatol. Ren and colleagues found that Brusatol, a quassinoid derived from Brucea javanica,
enhances the efficacy of chemotherapy by depleting Nrf2 protein through a posttranscriptional
mechanism [180,181]. These results suggested the effectiveness of using Brusatol to combat
chemoresistance. However, although Brusatol was initially considered a specific Nrf2 inhibitor,
two independent studies have shown that its effect is a consequence of the suppression of a wide range
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of proteins, and not of the specific inhibition of Nrf2 [182,183]. Thus, although Brusatol might be a
useful tool, especially in cancer therapy, caution should be exercised against the possible side-effects of
this drug.
(2) Flavonoids. Flavonoids are a class of natural compounds able to modulate Nrf2 signaling.
Luteolin enhanced the sensitivity to cisplatin in cell-derived xenografts by decreasing Nrf2
expression [184]; this effect occurs in a Nrf2-dependent manner, since it is was completely lost
in Nrf2-null mice. Similar results have been observed in experiments performed with wogonin,
which downregulated Nrf2, enhancing sensitivity to chemotherapy in the HepG2 cell line [185].
Apigenin was shown to revert chemoresistance of HCC cell lines through downregulation of
Nrf2 via the PI3K/AKT pathway [162]. Moreover, in vivo experiments demonstrated the synergistic
effects of Apigenin and Doxorubicin, resulting in the inhibition of tumor growth and enhancement of
cell death.
(3) Alkaloids. Tsuchida et al., identified Halofuginone, a quinazoline alkaloid, as a candidate Nrf2
inhibitor. Specifically, Halofuginone inhibits Nrf2 protein synthesis, via binding and inhibition of the
prolyl-tRNA synthetase; and in combination with anticancer drugs, such as cisplatin or doxorubicin,
enhances sensitivity to anti-cancer therapy and reduces chemo- and radio-resistance [186]. However,
Halofuginone, similar to Brusatol, is not a specific Nrf2 inhibitor as it represses global protein
synthesis, thus rapidly depleting Nrf2. Camptotechin, another alkaloid isolated from the Chinese tree
Camptotheca acuminate, inhibits Nrf2 activity in HCC cells, reverting chemoresistance [161]. However,
its mechanism of action is not clear, as no direct effect in promoting Nrf2 protein degradation could
be provided.
(4) All trans-retinoic acids (ATRA). Contrary to other Nrf2 inhibitors, retinoic acid does not impair
Nrf2 expression, but it interferes with the Nrf2-ARE binding. Retinoic receptor alpha (RXRα) can
form a complex with Nrf2, hindering Nrf2-ARE binding [187]. However, since retinoic acids elicit
Nrf2 modulation in a concentration-dependent manner, further studies should be performed before
considering retinoic acids as potential clinical candidates. It should also be noted that, although several
studies reported that ATRA inhibits HCC development, no reports have demonstrated that this effect
was mediated through Nrf2 inhibition.
(5) ARE Expression Modulator 1 (AEM1). Bollong and collaborators showed that in A549 cells,
AEM1 decreases Nrf2-target gene expression without interfering with Nrf2 or Keap1 protein levels [188].
However, experiments performed in different cell lines revealed that the action of AEM1 is restricted
to cells harboring constitutive Nrf2 activation, likely due to Nrf2 or Keap1 mutations [179]. Thus,
its potential therapeutic use could be restricted to a subset of patients.
(6) ML385. Biswal’s group showed that ML385, a thiazole-indoline compound, can directly
interact with the Neh1 domain of Nrf2, thus hampering the binding between Nrf2 and DNA [179,189].
Similarly to AEM1, ML385 exhibited specificity and selectivity in cell lines displaying Keap1 mutations.
(7) PHA767491. PHA767491 is considered a potent Nrf2 inhibitor, hindering its nuclear
translocation, and resulting in tumor growth inhibition. However, PHA767491 is also a potent
inhibitor of cyclin-dependent kinase (CDK) [190]. Thus, it is unclear whether the effect on tumor
growth is due to Nrf2 or to CDK inhibition, or to the combined inhibitory effect on Nrf2 and CDK.
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Table 1. Compounds targeting the Keap1/Nrf2 pathway.
Compound

Molecular
Target

Mechanism of Action

Effect

Experimental
Model

Use

References

Sulforaphane

Keap1

Interferes with
Keap1-Nrf2 binding

Nrf2
activation

in vitro

Liver Cancer

[99]

DMF

Keap1

Interferes with
Keap1-Nrf2 binding

Nrf2
activation

Oltipraz

Keap1

Interferes with
Keap1-Nrf2 binding

Nrf2
activation

in vivo

Gastric Cancer
Bladder Cancer
Liver Cancer

[91]
[94]
[100–102]

CDDO-Im

Keap1

Interferes with
Keap1-Nrf2 binding

Nrf2
activation

in vivo

Liver Cancer

[37,38]

Curcumin

Keap1 p38

Interferes with
Keap1-Nrf2 binding

Nrf2
activation

in vitro

Renal epithelial cells

[175]

Ursodiol

Not specified

Not specified

Nrf2
activation

Human
biopsies

Primary biliary
cirrhosis

[174]

Apigenin

PI3K/Akt

Decreases Nrf2 mRNA
and protein levels

Nrf2
inhibition

Liver Cancer

[162]

Nrf2

Decreases NRF2 mRNA
and protein levels

Nrf2
inhibition

Liver Cancer

[161]

Overall protein
translation

Decreases Nrf2 protein
levels

Nrf2
inhibition

in vitro/in vivo

Lung Cancer

[180]

Overall protein
Halofuginone
translation

Decreases Nrf2 protein
levels

Nrf2
inhibition

in vitro/in vivo

Lung Cancer
Esophageal
squamous
Carcinoma

[186]

Nrf2
inhibition

in vitro

Liver Cancer

[185]

Camptotechin
Brusatol

in vitro/in vivo Multiple Sclerosis

in vitro/in vivo
in vitro

[173]

Wogonin

Nrf2

Decreases Nrf2 protein
levels
Increases Keap1 protein
levels

Luteolin

Nrf2

Decreases Nrf2
transcriptional activity

Nrf2
inhibition

in vivo

Lung Cancer

[184]

ATRA

Neh7 domain of
Nrf2

Decreases Nrf2
transcriptional activity

Nrf2
inhibition

in vitro

Breast Cancer

[187]

ML385

Neh1 domain of
NRF2

Decreases Nrf2
transcriptional activity

Nrf2
inhibition

Lung Cancer

[189]

AEM1

Nrf2

Decreases Nrf2
transcriptional activity

Nrf2
inhibition

in vitro

Lung Cancer

[188]

PHA767491

Nrf2

Decreases Nrf2
transcriptional activity

Nrf2
inhibition

in vitro

Liver Cancer

[190]

K67

Keap1

Interferes with
Keap1-P62 binding

Nrf2
inhibition

in vitro

Liver Cancer

[49]

in vitro/in vivo

8.3. Additional Strategies to Inhibit the Keap1/Nrf2 Pathway
An additional strategy to inhibit Nrf2 signaling may consist in enhancing the negative control
exerted by Keap1, either by increased synthesis or by promoting its physical interaction. In this regard,
it is interesting to note that K67, a small noncovalent inhibitor of phospho-p62/Keap1 interaction,
which thus increases Keap1-induced Nrf2 degradation, showed an antineoplastic effect in HCC cell
lines by decreasing proliferation and enhancing cytotoxicity of anti-cancer drugs. Based on these
findings, this inhibitor might be useful to treat HCC displaying Nrf2 hyperactivation consequent on
p62 accumulation [49].
Altogether, these reports, although promising, suggest that the path to identifying an effective
Nrf2 inhibitor is still long. Even though these compounds could hinder Nrf2 signaling, their clinical
usefulness is hampered by the possible opposite, context-dependent role of Nrf2. Moreover, most of
them are not Nrf2-specific.

Cancers 2020, 12, 2932

17 of 28

9. Concluding Remarks
Growing interest in Nrf2 research accumulates each year, together with the awareness that
our understanding of the physiopathological role of this transcription factor is far from complete.
A recent review article has identified Nrf2 as a hallmark of cancer, by virtue of its many cellular/tissue
functions [108]. Some of these functions have been thoroughly investigated (i.e., sustained proliferative
signaling, protection from acute/chronic liver injury, both tumor suppressive and tumor promoting
activity, and induction of metabolic reprogramming). Nevertheless, as our knowledge increases,
the dark sides emerge more and more frequently, and several gaps in our understanding must still
be filled.
Within the frame of the liver, in particular, the role of Nrf2 is still obscure in some of the functions
mentioned above. A few examples are listed below:
(1) Sustained proliferation signaling: in spite of the many studies showing a stimulatory effect of
Nrf2 on cell proliferation, works aimed to directly investigate the role of Nrf2 in liver regeneration
proved unsatisfactory, as either the excess (Nrf2 overexpressing mice) or the lack of Nrf2 (Nrf2 KO
mice) caused a delay in liver regeneration. Same inconclusive results have been obtained using Keap1
knockdown when opposed to Nrf2 deficient animals. The reasons for these apparently puzzling results
are totally unclear.
(2) Protection from acute/chronic liver injury: While several studies have shown that Nrf2
induction exerts an inhibitory effect of liver injury induced by chemicals, recent work in mice and rats
has shown the extent of DEN-induced liver cell necrosis in KO vs. WT animals. This is unexpected as
metabolic biotransformation of DEN generates electrophiles that should cause more liver damage in
the absence of the Nrf2-dependent antioxidative system. This finding raises the question of whether
induction of Nrf2 must necessarily precede the chemical insult in order to be able to protect the
hepatocytes from death or initiation of hepatocarcinogenesis.
As to the role of Nrf2 in chronic liver damage, while its protecting effect is evident in NAFLD,
research on whether its induction limits or promotes the necro-inflammatory environment generated
by HCV hepatitis gave rise to contradictory results.
(3) Nrf2 as a tumor suppressor or an oncogene: It is the general opinion that Nrf2, originally
described as a tumor suppressor, also functions as an oncogene. Nrf2 pathway hyperactivation can
help transformed/malignant cells to escape oxidative stress by promoting the expression of antioxidant
target genes, sustain chemoresistance, prevent the intracellular accumulation of drugs in cancer cells,
and subsequently protect the cells from apoptosis; on the other hand, an increased Nrf2 expression can
be beneficial in conditions when chemoprotection is required (Figure 5).
Despite the inconsistencies and unanswered questions described above, owing to its critical role
in non-neoplastic and neoplastic liver diseases, Nrf2 is an attractive target. However, the choice
between Nrf2 inhibitors or activators should be made carefully and dependent on liver conditions.
Nrf2 activators could be used for preventing acute liver damage, or ameliorating chronic hepatic
injury in well characterized conditions, whereas Nrf2 inhibitors could be used for cancer treatment.
Unfortunately, to date, there is only one FDA-approved Nrf2 activator (dimethyl fumarate), and no
safe and specific Nrf2 inhibitors.

by HCV hepatitis gave rise to contradictory results.
(3) Nrf2 as a tumor suppressor or an oncogene: It is the general opinion that Nrf2, originally
described as a tumor suppressor, also functions as an oncogene. Nrf2 pathway hyperactivation can
help transformed/malignant cells to escape oxidative stress by promoting the expression of
antioxidant target genes, sustain chemoresistance, prevent the intracellular accumulation of drugs in
Cancers 2020,
12, 2932
of 28
cancer
cells, and subsequently protect the cells from apoptosis; on the other hand, an increased18
Nrf2
expression can be beneficial in conditions when chemoprotection is required (Figure 5).

5. Dual
roleNrf2
of Nrf2
in cancer.
FigureFigure
5. Dual
role of
in cancer.

Despite the inconsistencies and unanswered questions described above, owing to its critical role
Author Contributions:
Conceived
and wroteliver
the manuscript:
C.O.,
prepared
the figures:
A.C., critically
revised
in non-neoplastic
and neoplastic
diseases, Nrf2
is an
attractive
target. However,
the choice
the manuscript: S.G. All authors have read and agreed to the published version of the manuscript.
between Nrf2 inhibitors or activators should be made carefully and dependent on liver conditions.
Funding: This work was supported by Associazione Italiana Ricerca sul Cancro (AIRC, grants IG-15279 to A.C.;
IG-G-20210 to S.G.).

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

References
1.

2.

3.

4.

5.

6.
7.

8.
9.

Itoh, K.; Wakabayashi, N.; Katoh, Y.; Ishii, T.; Igarashi, K.; Engel, J.D.; Yamamoto, M. Keap1 represses nuclear
activation of antioxidant responsive elements by Nrf2 through binding to the amino-terminal Neh2 domain.
Genes Dev. 1999, 13, 76–86. [CrossRef]
Moi, P.; Chan, K.; Asunis, I.; Cao, A.; Kan, Y.W. Isolation of NF-E2-related factor 2 (Nrf2), a NF-E2-like basic
leucine zipper transcriptional activator that binds to the tandem NF-E2/AP1 repeat of the beta-globin locus
control region. Proc. Natl. Acad. Sci. USA 1994, 91, 9926–9930. [CrossRef]
Itoh, K.; Chiba, T.; Takahashi, S.; Ishii, T.; Igarashi, K.; Katoh, Y.; Oyake, T.; Hayashi, N.; Satoh, K.; Hatayama, I.;
et al. An Nrf2/small Maf heterodimer mediates the induction of phase II detoxifying enzyme genes through
antioxidant response elements. Biochem. Biophys. Res. Commun. 1997, 236, 313–322. [CrossRef]
Tong, K.I.; Katoh, Y.; Kusunoki, H.; Itoh, K.; Tanaka, T.; Yamamoto, M. Keap1 recruits Neh2 through binding
to ETGE and DLG motifs: Characterization of the two-site molecular recognition model. Mol. Cell. Biol.
2006, 26, 2887–2900. [CrossRef]
Tong, K.I.; Padmanabhan, B.; Kobayashi, A.; Shang, C.; Hirotsu, Y.; Yokoyama, S.; Yamamoto, M. Different
electrostatic potentials define ETGE and DLG motifs as hinge and latch in oxidative stress response.
Mol. Cell. Biol. 2007, 27, 7511–7521. [CrossRef] [PubMed]
Hayes, J.D.; Dinkova-Kostova, A.T.; Tew, K.D. Oxidative Stress in Cancer. Cancer Cell 2020, 38, 167–197.
[CrossRef] [PubMed]
Hirotsu, Y.; Katsuoka, F.; Funayama, R.; Nagashima, T.; Nishida, Y.; Nakayama, K.; Engel, J.D.; Yamamoto, M.
Nrf2-MafG heterodimers contribute globally to antioxidant and metabolic networks. Nucleic Acids Res. 2012,
40, 10228–10239. [CrossRef]
Suzuki, T.; Motohashi, H.; Yamamoto, M. Toward clinical application of the Keap1-Nrf2 pathway.
Trends Pharmacol. Sci. 2013, 34, 340–346. [CrossRef] [PubMed]
Taguchi, K.; Kensler, T.W. Nrf2 in liver toxicology. Arch. Pharm. Res. 2020, 43, 337–349. [CrossRef] [PubMed]

Cancers 2020, 12, 2932

10.
11.
12.
13.
14.
15.
16.

17.
18.
19.

20.

21.
22.

23.

24.
25.

26.
27.
28.

19 of 28

Al-Sawaf, O.; Clarner, T.; Fragoulis, A.; Kan, Y.W.; Pufe, T.; Streetz, K.; Wruck, C.J. Nrf2 in health and disease:
Current and future clinical implications. Clin. Sci. 2015, 129, 989–999. [CrossRef]
Xu, D.; Xu, M.; Jeong, S.; Qian, Y.; Wu, H.; Xia, Q.; Kong, X. The Role of Nrf2 in Liver Disease: Novel
Molecular Mechanisms and Therapeutic Approaches. Front. Pharmacol. 2018, 9, 1428. [CrossRef] [PubMed]
Menegon, S.; Columbano, A.; Giordano, S. The Dual Roles of NRF2 in Cancer. Trends Mol. Med. 2016, 22,
578–593. [CrossRef] [PubMed]
Sporn, M.B.; Liby, K.T. NRF2 and cancer: The good, the bad and the importance of context. Nat. Rev. Cancer
2012, 12, 564–571. [CrossRef] [PubMed]
Karp, S.J. Clinical implications of advances in the basic science of liver repair and regeneration. Am. J.
Transplant. 2009, 9, 1973–1980. [CrossRef] [PubMed]
Bucher, N.L.R.; Swaffield, M.N.; DiTroia, J.F. The influence of age upon the incorporation of thymidine-1-C14
into the DNA of regenerating rat liver. Cancer Res. 1964, 24, 509–512.
Wang, X.; Quail, E.; Hung, N.J.; Tan, Y.; Ye, H.; Costa, R.H. Increased levels of forkhead box M1B transcription
factor in transgenic mouse hepatocytes prevent age-related proliferation defects in regenerating liver.
Proc. Natl. Acad. Sci. USA 2001, 98, 11468–11473. [CrossRef]
Higgins, G.M.A. Experimental pathology of the liver. Restoration of the liver of the white rat following
partial surgical removal. Arch. Pathol. 1931, 12, 186–202.
Michalopoulos, G.K. Liver regeneration after partial hepatectomy: Critical analysis of mechanistic dilemmas.
Am. J. Pathol. 2010, 176, 2–13. [CrossRef]
Beyer, T.A.; Xu, W.; Teupser, D.; Auf dem Keller, U.; Bugnon, P.; Hildt, E.; Thiery, J.; Kan, Y.W.; Werner, S.
Impaired liver regeneration in Nrf2 knockout mice: Role of ROS-mediated insulin/IGF-1 resistance. EMBO J.
2008, 27, 212–223. [CrossRef]
Kohler, U.A.; Kurinna, S.; Schwitter, D.; Marti, A.; Schafer, M.; Hellerbrand, C.; Speicher, T.; Werner, S.
Activated Nrf2 impairs liver regeneration in mice by activation of genes involved in cell-cycle control and
apoptosis. Hepatology 2014, 60, 670–678. [CrossRef]
Hu, M.; Zou, Y.; Nambiar, S.M.; Lee, J.; Yang, Y.; Dai, G. Keap1 modulates the redox cycle and hepatocyte cell
cycle in regenerating liver. Cell Cycle 2014, 13, 2349–2358. [CrossRef]
Zou, Y.; Hu, M.; Lee, J.; Nambiar, S.M.; Garcia, V.; Bao, Q.; Chan, J.Y.; Dai, G. Nrf2 is essential for timely M
phase entry of replicating hepatocytes during liver regeneration. Am. J. Physiol. Gastrointest. Liver Physiol.
2015, 308, G262–G268. [CrossRef]
Skoko, J.J.; Wakabayashi, N.; Noda, K.; Kimura, S.; Tobita, K.; Shigemura, N.; Tsujita, T.; Yamamoto, M.;
Kensler, T.W. Loss of Nrf2 in mice evokes a congenital intrahepatic shunt that alters hepatic oxygen and
protein expression gradients and toxicity. Toxicol. Sci. 2014, 141, 112–119. [CrossRef] [PubMed]
Sato, Y.; Koyama, S.; Tsukada, K.; Hatakeyama, K. Acute portal hypertension reflecting shear stress as a
trigger of liver regeneration following partial hepatectomy. Surg. Today 1997, 27, 518–526. [CrossRef]
Kowalik, M.A.; Guzzo, G.; Morandi, A.; Perra, A.; Menegon, S.; Masgras, I.; Trevisan, E.; Angioni, M.M.;
Fornari, F.; Quagliata, L.; et al. Metabolic reprogramming identifies the most aggressive lesions at early
phases of hepatic carcinogenesis. Oncotarget 2016, 7, 32375–32393. [CrossRef] [PubMed]
Roomi, M.W.; Columbano, A.; Ledda-Columbano, G.M.; Sarma, D.S. Lead nitrate induces certain biochemical
properties characteristic of hepatocyte nodules. Carcinogenesis 1986, 7, 1643–1646. [CrossRef] [PubMed]
Ngo, H.K.C.; Kim, D.H.; Cha, Y.N.; Na, H.K.; Surh, Y.J. Nrf2 Mutagenic Activation Drives
Hepatocarcinogenesis. Cancer Res. 2017, 77, 4797–4808. [CrossRef] [PubMed]
Orrù, C.; Szydlowska, M.; Taguchi, K.; Zavattari, P.; Perra, A.; Yamamoto, M.; Columbano, A.
Genetic inactivation of Nrf2 prevents clonal expansion of initiated cells in a nutritional model of rat
hepatocarcinogenesis. J. Hepatol. 2018, 69, 635–643. [CrossRef]

Cancers 2020, 12, 2932

29.

30.

31.
32.

33.
34.
35.
36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

20 of 28

Enomoto, A.; Itoh, K.; Nagayoshi, E.; Haruta, J.; Kimura, T.; O’Connor, T.; Harada, T.; Yamamoto, M.
High sensitivity of Nrf2 knockout mice to acetaminophen hepatotoxicity associated with decreased expression
of ARE-regulated drug metabolizing enzymes and antioxidant genes. Toxicol. Sci. 2001, 59, 169–177.
[CrossRef]
Shen, Z.; Wang, Y.; Su, Z.; Kou, R.; Xie, K.; Song, F. Activation of p62-keap1-Nrf2 antioxidant pathway in
the early stage of acetaminophen-induced acute liver injury in mice. Chem. Biol. Interact. 2018, 282, 22–28.
[CrossRef]
Noh, J.R.; Kim, Y.H.; Hwang, J.H.; Choi, D.H.; Kim, K.S.; Oh, W.K.; Lee, C.H. Sulforaphane protects against
acetaminophen-induced hepatotoxicity. Food Chem. Toxicol. 2015, 80, 193–200. [CrossRef] [PubMed]
Lyu, H.; Wang, H.; Li, L.; Zhu, J.; Chen, F.; Chen, Y.; Liu, C.; Fu, J.; Yang, B.; Zhang, Q.; et al. Hepatocyte-specific
deficiency of Nrf2 exacerbates carbon tetrachloride-induced liver fibrosis via aggravated hepatocyte injury
and subsequent inflammatory and fibrogenic responses. Free Radic. Biol. Med. 2020, 150, 136–147. [CrossRef]
[PubMed]
Wu, K.C.; Liu, J.J.; Klaassen, C.D. Nrf2 activation prevents cadmium-induced acute liver injury.
Toxicol. Appl. Pharmacol. 2012, 263, 14–20. [CrossRef]
Qu, Q.; Liu, J.; Zhou, H.H.; Klaassen, C.D. Nrf2 protects against furosemide-induced hepatotoxicity. Toxicology
2014, 324, 35–42. [CrossRef] [PubMed]
Lu, Y.F.; Liu, J.; Wu, K.C.; Qu, Q.; Fan, F.; Klaassen, C.D. Overexpression of Nrf2 protects against
microcystin-induced hepatotoxicity in mice. PLoS ONE 2014, 9, e93013. [CrossRef] [PubMed]
Gu, L.; Li, S.; Bai, J.; Zhang, Q.; Han, Z. alpha-Lipoic acid protects against microcystin-LR induced
hepatotoxicity through regeneration of glutathione via activation of Nrf2. Environ. Toxicol. 2020, 35, 738–746.
[CrossRef] [PubMed]
Taguchi, K.; Takaku, M.; Egner, P.A.; Morita, M.; Kaneko, T.; Mashimo, T.; Kensler, T.W.; Yamamoto, M.
Generation of a New Model Rat: Nrf2 Knockout Rats Are Sensitive to Aflatoxin B1 Toxicity. Toxicol. Sci.
2016, 152, 40–52. [CrossRef] [PubMed]
Yates, M.S.; Kwak, M.K.; Egner, P.A.; Groopman, J.D.; Bodreddigari, S.; Sutter, T.R.;
Baumgartner, K.J.; Roebuck, B.D.; Liby, K.T.; Yore, M.M.; et al.
Potent protection against
aflatoxin-induced tumorigenesis through induction of Nrf2-regulated pathways by the triterpenoid
1-[2-cyano-3-,12-dioxooleana-1,9(11)-dien-28-oyl]imidazole. Cancer Res. 2006, 66, 2488–2494. [CrossRef]
Yang, D.; Tan, X.; Lv, Z.; Liu, B.; Baiyun, R.; Lu, J.; Zhang, Z. Regulation of Sirt1/Nrf2/TNF-alpha signaling
pathway by luteolin is critical to attenuate acute mercuric chloride exposure induced hepatotoxicity. Sci. Rep.
2016, 6, 37157. [CrossRef]
Muhammad, I.; Wang, X.; Li, S.; Li, R.; Zhang, X. Curcumin confers hepatoprotection against AFB1-induced
toxicity via activating autophagy and ameliorating inflammation involving Nrf2/HO-1 signaling pathway.
Mol. Biol. Rep. 2018, 45, 1775–1785. [CrossRef]
Fan, X.; Lv, H.; Wang, L.; Deng, X.; Ci, X. Isoorientin Ameliorates APAP-Induced Hepatotoxicity via
Activation Nrf2 Antioxidative Pathway: The Involvement of AMPK/Akt/GSK3beta. Front. Pharmacol. 2018,
9, 1334. [CrossRef]
Aladaileh, S.H.; Abukhalil, M.H.; Saghir, S.A.M.; Hanieh, H.; Alfwuaires, M.A.; Almaiman, A.A.;
Bin-Jumah, M.; Mahmoud, A.M. Galangin Activates Nrf2 Signaling and Attenuates Oxidative Damage,
Inflammation, and Apoptosis in a Rat Model of Cyclophosphamide-Induced Hepatotoxicity. Biomolecules
2019, 9, 346. [CrossRef] [PubMed]
Ji, Y.; Nyamagoud, S.B.; SreeHarsha, N.; Mishra, A.; Gubbiyappa, S.K.; Singh, Y. Sitagliptin protects liver
against aflatoxin B1-induced hepatotoxicity through upregulating Nrf2/ARE/HO-1 pathway. Biofactors 2020,
46, 76–82. [CrossRef] [PubMed]
Liu, C.; Zhu, Y.; Lu, Z.; Guo, W.; Tumen, B.; He, Y.; Chen, C.; Hu, S.; Xu, K.; Wang, Y.; et al. Cadmium Induces
Acute Liver Injury by Inhibiting Nrf2 and the Role of NF-kappaB, NLRP3, and MAPKs Signaling Pathway.
Int. J. Environ. Res. Public Health 2019, 17, 138. [CrossRef] [PubMed]
Takeda, H.; Takai, A.; Inuzuka, T.; Marusawa, H. Genetic basis of hepatitis virus-associated hepatocellular
carcinoma: Linkage between infection, inflammation, and tumorigenesis. J. Gastroenterol. 2017, 52, 26–38.
[CrossRef] [PubMed]
Ahmad, J.; Eng, F.J.; Branch, A.D. HCV and HCC: Clinical update and a review of HCC-associated viral
mutations in the core gene. Semin. Liver Dis. 2011, 31, 347–355. [CrossRef]

Cancers 2020, 12, 2932

47.
48.

49.

50.

51.

52.

53.

54.

55.
56.
57.
58.

59.
60.
61.

62.
63.

64.
65.
66.
67.
68.

21 of 28

Liu, B.; Fang, M.; He, Z.; Cui, D.; Jia, S.; Lin, X.; Xu, X.; Zhou, T.; Liu, W. Hepatitis B virus stimulates G6PD
expression through HBx-mediated Nrf2 activation. Cell Death Dis. 2015, 6, e1980. [CrossRef]
Komatsu, M.; Kurokawa, H.; Waguri, S.; Taguchi, K.; Kobayashi, A.; Ichimura, Y.; Sou, Y.S.; Ueno, I.;
Sakamoto, A.; Tong, K.I.; et al. The selective autophagy substrate p62 activates the stress responsive
transcription factor Nrf2 through inactivation of Keap1. Nat. Cell Biol. 2010, 12, 213–223. [CrossRef]
Saito, T.; Ichimura, Y.; Taguchi, K.; Suzuki, T.; Mizushima, T.; Takagi, K.; Hirose, Y.; Nagahashi, M.; Iso, T.;
Fukutomi, T.; et al. p62/Sqstm1 promotes malignancy of HCV-positive hepatocellular carcinoma through
Nrf2-dependent metabolic reprogramming. Nat. Commun. 2016, 7, 12030. [CrossRef]
Sugiyama, K.; Ebinuma, H.; Nakamoto, N.; Sakasegawa, N.; Murakami, Y.; Chu, P.S.; Usui, S.; Ishibashi, Y.;
Wakayama, Y.; Taniki, N.; et al. Prominent steatosis with hypermetabolism of the cell line permissive for
years of infection with hepatitis C virus. PLoS ONE 2014, 9, e94460. [CrossRef]
Carvajal-Yepes, M.; Himmelsbach, K.; Schaedler, S.; Ploen, D.; Krause, J.; Ludwig, L.; Weiss, T.; Klingel, K.;
Hildt, E. Hepatitis C virus impairs the induction of cytoprotective Nrf2 target genes by delocalization of
small Maf proteins. J. Biol. Chem. 2011, 286, 8941–8951. [CrossRef] [PubMed]
Chen, W.C.; Wang, S.Y.; Chiu, C.C.; Tseng, C.K.; Lin, C.K.; Wang, H.C.; Lee, J.C. Lucidone suppresses hepatitis
C virus replication by Nrf2-mediated heme oxygenase-1 induction. Antimicrob. Agents Chemother. 2013, 57,
1180–1191. [CrossRef] [PubMed]
Tseng, C.K.; Hsu, S.P.; Lin, C.K.; Wu, Y.H.; Lee, J.C.; Young, K.C. Celastrol inhibits hepatitis C virus replication
by upregulating heme oxygenase-1 via the JNK MAPK/Nrf2 pathway in human hepatoma cells. Antiviral. Res.
2017, 146, 191–200. [CrossRef] [PubMed]
Yu, J.S.; Chen, W.C.; Tseng, C.K.; Lin, C.K.; Hsu, Y.C.; Chen, Y.H.; Lee, J.C. Sulforaphane Suppresses
Hepatitis C Virus Replication by Up-Regulating Heme Oxygenase-1 Expression through PI3K/Nrf2 Pathway.
PLoS ONE 2016, 11, e0152236. [CrossRef] [PubMed]
Bender, D.; Hildt, E. Effect of Hepatitis Viruses on the Nrf2/Keap1-Signaling Pathway and Its Impact on Viral
Replication and Pathogenesis. Int. J. Mol. Sci. 2019, 20, 4659. [CrossRef] [PubMed]
Livero, F.A.; Acco, A. Molecular basis of alcoholic fatty liver disease: From incidence to treatment. Hepatol. Res.
2016, 46, 111–123. [CrossRef]
Sun, J.; Fu, J.; Li, L.; Chen, C.; Wang, H.; Hou, Y.; Xu, Y.; Pi, J. Nrf2 in alcoholic liver disease. Toxicol. Appl.
Pharmacol. 2018, 357, 62–69. [CrossRef]
Lamlé, J.; Marhenke, S.; Borlak, J.; von Wasielewski, R.; Eriksson, C.J.; Geffers, R.; Manns, M.P.; Yamamoto, M.;
Vogel, A. Nuclear factor-eythroid 2-related factor 2 prevents alcohol-induced fulminant liver injury.
Gastroenterology 2008, 134, 1159–1168. [CrossRef]
Sun, J.; Fu, J.; Zhong, Y.; Li, L.; Chen, C.; Wang, X.; Wang, L.; Hou, Y.; Wang, H.; Zhao, R.; et al. NRF2
mitigates acute alcohol-induced hepatic and pancreatic injury in mice. Food Chem. Toxicol. 2018, 121, 495–503.
Liu, J.; Wu, K.C.; Lu, Y.F.; Ekuase, E.; Klaassen, C.D. Nrf2 protection against liver injury produced by various
hepatotoxicants. Oxid. Med. Cell. Longev. 2013, 2013, 305861. [CrossRef]
Dong, J.; Sulik, K.K.; Chen, S.Y. Nrf2-mediated transcriptional induction of antioxidant response in mouse
embryos exposed to ethanol in vivo: Implications for the prevention of fetal alcohol spectrum disorders.
Antioxid. Redox Signal. 2008, 10, 2023–2033. [CrossRef] [PubMed]
Zhou, R.; Lin, J.; Wu, D. Sulforaphane induces Nrf2 and protects against CYP2E1-dependent binge
alcohol-induced liver steatosis. Biochim. Biophys. Acta 2014, 1840, 209–218. [CrossRef] [PubMed]
Wang, Z.; Dou, X.; Li, S.; Zhang, X.; Sun, X.; Zhou, Z.; Song, Z. Nuclear factor (erythroid-derived 2)-like 2
activation-induced hepatic very-low-density lipoprotein receptor overexpression in response to oxidative
stress contributes to alcoholic liver disease in mice. Hepatology 2014, 59, 1381–1392. [CrossRef]
Shen, F.; Wang, Z.; Liu, W.; Liang, Y. Ethyl pyruvate can alleviate alcoholic liver disease through inhibiting
Nrf2 signaling pathway. Exp. Ther. Med. 2018, 15, 4223–4228. [CrossRef] [PubMed]
Ceni, E.; Mello, T.; Galli, A. Pathogenesis of alcoholic liver disease: Role of oxidative metabolism.
World J. Gastroenterol. 2014, 20, 17756–17772. [CrossRef] [PubMed]
Ni, Y.H.; Huo, L.J.; Li, T.T. Antioxidant axis Nrf2-keap1-ARE in inhibition of alcoholic liver fibrosis by IL-22.
World J. Gastroenterol. 2017, 23, 2002–2011. [CrossRef]
Byrne, C.D.; Targher, G. NAFLD: A multisystem disease. J. Hepatol. 2015, 62, S47–S64. [CrossRef]
Machado, M.V.; Diehl, A.M. Pathogenesis of Nonalcoholic Steatohepatitis. Gastroenterology 2016, 150,
1769–1777. [CrossRef]

Cancers 2020, 12, 2932

69.
70.
71.

72.

73.

74.

75.
76.

77.

78.

79.

80.

81.

82.

83.

84.
85.
86.
87.

22 of 28

Chambel, S.S.; Santos-Goncalves, A.; Duarte, T.L. The Dual Role of Nrf2 in Nonalcoholic Fatty Liver Disease:
Regulation of Antioxidant Defenses and Hepatic Lipid Metabolism. BioMed Res. Int. 2015, 2015, 597134.
Rojo de la Vega, M.; Zhang, D.D. NRF2 Induction for NASH Treatment: A New Hope Rises. Cell. Mol.
Gastroenterol. Hepatol. 2018, 5, 422–423. [CrossRef]
Yates, M.S.; Tran, Q.T.; Dolan, P.M.; Osburn, W.O.; Shin, S.; McCulloch, C.C.; Silkworth, J.B.; Taguchi, K.;
Yamamoto, M.; Williams, C.R.; et al. Genetic versus chemoprotective activation of Nrf2 signaling: Overlapping
yet distinct gene expression profiles between Keap1 knockout and triterpenoid-treated mice. Carcinogenesis
2009, 30, 1024–1031. [CrossRef] [PubMed]
Shin, S.; Wakabayashi, J.; Yates, M.S.; Wakabayashi, N.; Dolan, P.M.; Aja, S.; Liby, K.T.; Sporn, M.B.;
Yamamoto, M.; Kensler, T.W. Role of Nrf2 in prevention of high-fat diet-induced obesity by synthetic
triterpenoid CDDO-imidazolide. Eur. J. Pharmacol. 2009, 620, 138–144. [CrossRef] [PubMed]
Wang, C.; Cui, Y.; Li, C.; Zhang, Y.; Xu, S.; Li, X.; Li, H.; Zhang, X. Nrf2 deletion causes “benign” simple
steatosis to develop into nonalcoholic steatohepatitis in mice fed a high-fat diet. Lipids Health Dis. 2013, 12,
165. [CrossRef] [PubMed]
Takahashi, S.; Lombardi, B.; Shinozuka, H. Progression of carcinogen-induced foci of
gamma-glutamyltranspeptidase-positive hepatocytes to hepatomas in rats fed a choline-deficient diet.
Int. J. Cancer 1982, 29, 445–450. [CrossRef] [PubMed]
Zeisel, S.H. Choline deficiency. J. Nutr. Biochem. 1990, 1, 332–349. [CrossRef]
Sugimoto, H.; Okada, K.; Shoda, J.; Warabi, E.; Ishige, K.; Ueda, T.; Taguchi, K.; Yanagawa, T.; Nakahara, A.;
Hyodo, I.; et al. Deletion of nuclear factor-E2-related factor-2 leads to rapid onset and progression of
nutritional steatohepatitis in mice. Am. J. Physiol. Gastrointest. Liver Physiol. 2010, 298, G283–G294.
Chowdhry, S.; Nazmy, M.H.; Meakin, P.J.; Dinkova-Kostova, A.T.; Walsh, S.V.; Tsujita, T.; Dillon, J.F.;
Ashford, M.L.; Hayes, J.D. Loss of Nrf2 markedly exacerbates nonalcoholic steatohepatitis. Free Radic.
Biol. Med. 2010, 48, 357–371. [CrossRef]
Ramadori, P.; Drescher, H.; Erschfeld, S.; Fragoulis, A.; Kensler, T.W.; Wruck, C.J.; Cubero, F.J.; Trautwein, C.;
Streetz, K.L.; Kroy, D.C. Genetic Nrf2 Overactivation Inhibits the Deleterious Effects Induced by
Hepatocyte-Specific c-met Deletion during the Progression of NASH. Oxid. Med. Cell. Longev. 2017,
2017, 3420286. [CrossRef] [PubMed]
Kroy, D.C.; Schumacher, F.; Ramadori, P.; Hatting, M.; Bergheim, I.; Gassler, N.; Boekschoten, M.V.; Muller, M.;
Streetz, K.L.; Trautwein, C. Hepatocyte specific deletion of c-Met leads to the development of severe
non-alcoholic steatohepatitis in mice. J. Hepatol. 2014, 61, 883–890. [CrossRef] [PubMed]
Van Rooyen, D.M.; Gan, L.T.; Yeh, M.M.; Haigh, W.G.; Larter, C.Z.; Ioannou, G.; Teoh, N.C.; Farrell, G.C.
Pharmacological cholesterol lowering reverses fibrotic NASH in obese, diabetic mice with metabolic
syndrome. J. Hepatol. 2013, 59, 144–152. [CrossRef] [PubMed]
Lee, D.H.; Han, D.H.; Nam, K.T.; Park, J.S.; Kim, S.H.; Lee, M.; Kim, G.; Min, B.S.; Cha, B.S.; Lee, Y.S.; et al.
Ezetimibe, an NPC1L1 inhibitor, is a potent Nrf2 activator that protects mice from diet-induced nonalcoholic
steatohepatitis. Free Radic. Biol. Med. 2016, 99, 520–532. [CrossRef] [PubMed]
Sharma, R.S.; Harrison, D.J.; Kisielewski, D.; Cassidy, D.M.; McNeilly, A.D.; Gallagher, J.R.; Walsh, S.V.;
Honda, T.; McCrimmon, R.J.; Dinkova-Kostova, A.T.; et al. Experimental Nonalcoholic Steatohepatitis and
Liver Fibrosis Are Ameliorated by Pharmacologic Activation of Nrf2 (NF-E2 p45-Related Factor 2). Cell. Mol.
Gastroenterol. Hepatol. 2018, 5, 367–398. [CrossRef] [PubMed]
Bray, F.; Ferlay, J.; Soerjomataram, I.; Siegel, R.L.; Torre, L.A.; Jemal, A. Global cancer statistics 2018:
GLOBOCAN estimates of incidence and mortality worldwide for 36 cancers in 185 countries. CA Cancer
J. Clin. 2018, 68, 394–424. [CrossRef] [PubMed]
Bertuccio, P.; Turati, F.; Carioli, G.; Rodriguez, T.; La Vecchia, C.; Malvezzi, M.; Negri, E. Global trends and
predictions in hepatocellular carcinoma mortality. J. Hepatol. 2017, 67, 302–309. [CrossRef]
Llovet, J.M.; Ricci, S.; Mazzaferro, V.; Hilgard, P.; Gane, E.; Blanc, J.F.; de Oliveira, A.C.; Santoro, A.; Raoul, J.L.;
Forner, A.; et al. Sorafenib in advanced hepatocellular carcinoma. N. Engl. J. Med. 2008, 359, 378–390.
El-Serag, H.B.; Rudolph, K.L. Hepatocellular carcinoma: Epidemiology and molecular carcinogenesis.
Gastroenterology 2007, 132, 2557–2576. [CrossRef]
Takaki, A.; Yamamoto, K. Control of oxidative stress in hepatocellular carcinoma: Helpful or harmful?
World J. Hepatol. 2015, 7, 968–979. [CrossRef]

Cancers 2020, 12, 2932

88.

89.
90.

91.

92.
93.
94.

95.

96.

97.
98.

99.

100.

101.

102.

103.
104.
105.

106.
107.

23 of 28

Haque, E.; Karim, M.R.; Salam Teeli, A.; Smiech, M.; Leszczynski, P.; Winiarczyk, D.; Parvanov, E.D.;
Atanasov, A.G.; Taniguchi, H. Molecular Mechanisms Underlying Hepatocellular Carcinoma Induction by
Aberrant NRF2 Activation-Mediated Transcription Networks: Interaction of NRF2-KEAP1 Controls the Fate
of Hepatocarcinogenesis. Int. J. Mol. Sci. 2020, 21, 5378. [CrossRef]
Raghunath, A.; Sundarraj, K.; Arfuso, F.; Sethi, G.; Perumal, E. Dysregulation of Nrf2 in Hepatocellular
Carcinoma: Role in Cancer Progression and Chemoresistance. Cancers 2018, 10, 481. [CrossRef]
Long, D.J., 2nd; Waikel, R.L.; Wang, X.J.; Perlaky, L.; Roop, D.R.; Jaiswal, A.K. NAD(P)H:quinone
oxidoreductase 1 deficiency increases susceptibility to benzo(a)pyrene-induced mouse skin carcinogenesis.
Cancer Res. 2000, 60, 5913–5915.
Ramos-Gomez, M.; Kwak, M.K.; Dolan, P.M.; Itoh, K.; Yamamoto, M.; Talalay, P.; Kensler, T.W. Sensitivity to
carcinogenesis is increased and chemoprotective efficacy of enzyme inducers is lost in nrf2 transcription
factor-deficient mice. Proc. Natl. Acad. Sci. USA 2001, 98, 3410–3415. [CrossRef] [PubMed]
Ansher, S.S.; Dolan, P.; Bueding, E. Biochemical effects of dithiolthiones. Food Chem. Toxicol. 1986, 24, 405–415.
Yates, M.S.; Kensler, T.W. Keap1 eye on the target: Chemoprevention of liver cancer. Acta Pharmacol. Sin.
2007, 28, 1331–1342. [CrossRef] [PubMed]
Iida, K.; Itoh, K.; Kumagai, Y.; Oyasu, R.; Hattori, K.; Kawai, K.; Shimazui, T.; Akaza, H.; Yamamoto, M. Nrf2
is essential for the chemopreventive efficacy of oltipraz against urinary bladder carcinogenesis. Cancer Res.
2004, 64, 6424–6431. [CrossRef]
Kitamura, Y.; Umemura, T.; Kanki, K.; Kodama, Y.; Kitamoto, S.; Saito, K.; Itoh, K.; Yamamoto, M.; Masegi, T.;
Nishikawa, A.; et al. Increased susceptibility to hepatocarcinogenicity of Nrf2-deficient mice exposed to
2-amino-3-methylimidazo[4,5-f]quinoline. Cancer Sci. 2007, 98, 19–24. [CrossRef]
Cuadrado, A.; Manda, G.; Hassan, A.; Alcaraz, M.J.; Barbas, C.; Daiber, A.; Ghezzi, P.; Leon, R.; Lopez, M.G.;
Oliva, B.; et al. Transcription Factor NRF2 as a Therapeutic Target for Chronic Diseases: A Systems Medicine
Approach. Pharmacol. Rev. 2018, 70, 348–383. [CrossRef] [PubMed]
Dinkova-Kostova, A.T.; Fahey, J.W.; Kostov, R.V.; Kensler, T.W. KEAP1 and Done? Targeting the NRF2
Pathway with Sulforaphane. Trends Food Sci. Technol. 2017, 69, 257–269. [CrossRef]
Kensler, T.W.; Egner, P.A.; Agyeman, A.S.; Visvanathan, K.; Groopman, J.D.; Chen, J.G.; Chen, T.Y.; Fahey, J.W.;
Talalay, P. Keap1-nrf2 signaling: A target for cancer prevention by sulforaphane. Top Curr. Chem. 2013, 329,
163–177. [CrossRef]
Liu, P.; Wang, W.; Zhou, Z.; Smith, A.J.O.; Bowater, R.P.; Wormstone, I.M.; Chen, Y.; Bao, Y. Chemopreventive
Activities of Sulforaphane and Its Metabolites in Human Hepatoma HepG2 Cells. Nutrients 2018, 10, 585.
[CrossRef]
Kensler, T.W.; Egner, P.A.; Dolan, P.M.; Groopman, J.D.; Roebuck, B.D. Mechanism of protection against
aflatoxin tumorigenicity in rats fed 5-(2-pyrazinyl)-4-methyl-1,2-dithiol-3-thione (oltipraz) and related
1,2-dithiol-3-thiones and 1,2-dithiol-3-ones. Cancer Res. 1987, 47, 4271–4277.
Roebuck, B.D.; Liu, Y.L.; Rogers, A.E.; Groopman, J.D.; Kensler, T.W. Protection against aflatoxin B1-induced
hepatocarcinogenesis in F344 rats by 5-(2-pyrazinyl)-4-methyl-1,2-dithiole-3-thione (oltipraz): Predictive role
for short-term molecular dosimetry. Cancer Res. 1991, 51, 5501–5506. [PubMed]
Wang, J.S.; Shen, X.; He, X.; Zhu, Y.R.; Zhang, B.C.; Wang, J.B.; Qian, G.S.; Kuang, S.Y.; Zarba, A.; Egner, P.A.;
et al. Protective alterations in phase 1 and 2 metabolism of aflatoxin B1 by oltipraz in residents of Qidong,
People’s Republic of China. J. Natl. Cancer Inst. 1999, 91, 347–354. [CrossRef] [PubMed]
Schor, N.A. The use of the D-T diaphorase for the detection of foci of early neoplastic transformation in rat
liver. Cancer Lett. 1978, 5, 167–171. [CrossRef]
Bannasch, P.; Mayer, D.; Hacker, H.J. Hepatocellular glycogenosis and hepatocarcinogenesis. Biochim. Biophys.
Acta 1980, 605, 217–245. [CrossRef]
Pickett, C.B.; Williams, J.B.; Lu, A.Y.; Cameron, R.G. Regulation of glutathione transferase and DT-diaphorase
mRNAs in persistent hepatocyte nodules during chemical hepatocarcinogenesis. Proc. Natl. Acad. Sci. USA
1984, 81, 5091–5095. [CrossRef] [PubMed]
Ikeda, H.; Nishi, S.; Sakai, M. Transcription factor Nrf2/MafK regulates rat placental glutathione S-transferase
gene during hepatocarcinogenesis. Biochem. J. 2004, 380, 515–521. [CrossRef] [PubMed]
Kitahara, A.; Satoh, K.; Nishimura, K.; Ishikawa, T.; Ruike, K.; Sato, K.; Tsuda, H.; Ito, N. Changes in
molecular forms of rat hepatic glutathione S-transferase during chemical hepatocarcinogenesis. Cancer Res.
1984, 44, 2698–2703.

Cancers 2020, 12, 2932

24 of 28

108. Rojo de la Vega, M.; Chapman, E.; Zhang, D.D. NRF2 and the Hallmarks of Cancer. Cancer Cell 2018, 34,
21–43. [CrossRef]
109. Mitsuishi, Y.; Taguchi, K.; Kawatani, Y.; Shibata, T.; Nukiwa, T.; Aburatani, H.; Yamamoto, M.; Motohashi, H.
Nrf2 redirects glucose and glutamine into anabolic pathways in metabolic reprogramming. Cancer Cell 2012,
22, 66–79. [CrossRef]
110. Lee, D.; Xu, I.M.; Chiu, D.K.; Lai, R.K.; Tse, A.P.; Lan Li, L.; Law, C.T.; Tsang, F.H.; Wei, L.L.; Chan, C.Y.; et al.
Folate cycle enzyme MTHFD1L confers metabolic advantages in hepatocellular carcinoma. J. Clin. Investig.
2017, 127, 1856–1872. [CrossRef]
111. Niture, S.K.; Jaiswal, A.K. Nrf2 protein up-regulates antiapoptotic protein Bcl-2 and prevents cellular
apoptosis. J. Biol. Chem. 2012, 287, 9873–9886. [CrossRef] [PubMed]
112. Niture, S.K.; Jaiswal, A.K. Nrf2-induced antiapoptotic Bcl-xL protein enhances cell survival and drug
resistance. Free Radic. Biol. Med. 2013, 57, 119–131. [CrossRef] [PubMed]
113. Kudo, Y.; Sugimoto, M.; Arias, E.; Kasashima, H.; Cordes, T.; Linares, J.F.; Duran, A.; Nakanishi, Y.;
Nakanishi, N.; L’Hermitte, A.; et al. PKClambda/iota Loss Induces Autophagy, Oxidative Phosphorylation,
and NRF2 to Promote Liver Cancer Progression. Cancer Cell 2020, 38, 247–262. e11. [CrossRef] [PubMed]
114. Forner, A.; Reig, M.; Bruix, J. Hepatocellular carcinoma. Lancet 2018, 391, 1301–1314. [CrossRef]
115. Solt, D.B.; Medline, A.; Farber, E. Rapid emergence of carcinogen-induced hyperplastic lesions in a new
model for the sequential analysis of liver carcinogenesis. Am. J. Pathol. 1977, 88, 595–618. [PubMed]
116. Andersen, J.B.; Loi, R.; Perra, A.; Factor, V.M.; Ledda-Columbano, G.M.; Columbano, A.; Thorgeirsson, S.S.
Progenitor-derived hepatocellular carcinoma model in the rat. Hepatology 2010, 51, 1401–1409. [CrossRef]
117. Petrelli, A.; Perra, A.; Cora, D.; Sulas, P.; Menegon, S.; Manca, C.; Migliore, C.; Kowalik, M.A.;
Ledda-Columbano, G.M.; Giordano, S.; et al. MicroRNA/gene profiling unveils early molecular changes and
nuclear factor erythroid related factor 2 (NRF2) activation in a rat model recapitulating human hepatocellular
carcinoma (HCC). Hepatology 2014, 59, 228–241. [CrossRef]
118. Zavattari, P.; Perra, A.; Menegon, S.; Kowalik, M.A.; Petrelli, A.; Angioni, M.M.; Follenzi, A.; Quagliata, L.;
Ledda-Columbano, G.M.; Terracciano, L.; et al. Nrf2, but not beta-catenin, mutation represents an early
event in rat hepatocarcinogenesis. Hepatology 2015, 62, 851–862. [CrossRef]
119. Orrù, C.; Perra, A.; Kowalik, M.A.; Rizzolio, S.; Puliga, E.; Cabras, L.; Giordano, S.; Columbano, A.
Distinct Mechanisms Are Responsible for Nrf2-Keap1 Pathway Activation at Different Stages of Rat
Hepatocarcinogenesis. Cancers 2020, 12, 2305. [CrossRef]
120. Angioni, M.M.; Bellofatto, K.; Merlin, S.; Menegon, S.; Perra, A.; Petrelli, A.; Sulas, P.; Giordano, S.;
Columbano, A.; Follenzi, A. A long term, non-tumorigenic rat hepatocyte cell line and its malignant
counterpart, as tools to study hepatocarcinogenesis. Oncotarget 2017, 8, 15716–15731. [CrossRef]
121. Taguchi, K.; Maher, J.M.; Suzuki, T.; Kawatani, Y.; Motohashi, H.; Yamamoto, M. Genetic analysis of
cytoprotective functions supported by graded expression of Keap1. Mol. Cell. Biol. 2010, 30, 3016–3026.
[CrossRef] [PubMed]
122. Fox, D.B.; Garcia, N.M.G.; McKinney, B.J.; Lupo, R.; Noteware, L.C.; Newcomb, R.; Liu, J.; Locasale, J.W.;
Hirschey, M.D.; Alvarez, J.V. NRF2 activation promotes the recurrence of dormant tumour cells through
regulation of redox and nucleotide metabolism. Nat. Metab. 2020, 2, 318–334. [CrossRef] [PubMed]
123. Zhang, M.; Zhang, C.; Zhang, L.; Yang, Q.; Zhou, S.; Wen, Q.; Wang, J. Nrf2 is a potential prognostic marker
and promotes proliferation and invasion in human hepatocellular carcinoma. BMC Cancer 2015, 15, 531.
[CrossRef]
124. Shimokawa, M.; Yoshizumi, T.; Itoh, S.; Iseda, N.; Sakata, K.; Yugawa, K.; Toshima, T.; Harada, N.; Ikegami, T.;
Mori, M. Modulation of Nqo1 activity intercepts anoikis resistance and reduces metastatic potential of
hepatocellular carcinoma. Cancer Sci. 2020, 111, 1228–1240. [CrossRef] [PubMed]
125. Chen, J.; Yu, Y.; Ji, T.; Ma, R.; Chen, M.; Li, G.; Li, F.; Ding, Q.; Kang, Q.; Huang, D.; et al. Clinical implication
of Keap1 and phosphorylated Nrf2 expression in hepatocellular carcinoma. Cancer Med. 2016, 5, 2678–2687.
[CrossRef]
126. Mitsuishi, Y.; Motohashi, H.; Yamamoto, M. The Keap1-Nrf2 system in cancers: Stress response and anabolic
metabolism. Front. Oncol. 2012, 2, 200. [CrossRef]
127. Guichard, C.; Amaddeo, G.; Imbeaud, S.; Ladeiro, Y.; Pelletier, L.; Maad, I.B.; Calderaro, J.; Bioulac-Sage, P.;
Letexier, M.; Degos, F.; et al. Integrated analysis of somatic mutations and focal copy-number changes
identifies key genes and pathways in hepatocellular carcinoma. Nat. Genet. 2012, 44, 694–698. [CrossRef]

Cancers 2020, 12, 2932

25 of 28

128. Cleary, S.P.; Jeck, W.R.; Zhao, X.; Chen, K.; Selitsky, S.R.; Savich, G.L.; Tan, T.X.; Wu, M.C.; Getz, G.;
Lawrence, M.S.; et al. Identification of driver genes in hepatocellular carcinoma by exome sequencing.
Hepatology 2013, 58, 1693–1702. [CrossRef]
129. Sanghvi, V.R.; Leibold, J.; Mina, M.; Mohan, P.; Berishaj, M.; Li, Z.; Miele, M.M.; Lailler, N.; Zhao, C.;
de Stanchina, E.; et al. The Oncogenic Action of NRF2 Depends on De-glycation by Fructosamine-3-Kinase.
Cell 2019, 178, 807–819. e21. [CrossRef]
130. Kerins, M.J.; Ooi, A. A catalogue of somatic NRF2 gain-of-function mutations in cancer. Sci. Rep. 2018, 8,
12846. [CrossRef]
131. Lau, A.; Wang, X.J.; Zhao, F.; Villeneuve, N.F.; Wu, T.; Jiang, T.; Sun, Z.; White, E.; Zhang, D.D. A noncanonical
mechanism of Nrf2 activation by autophagy deficiency: Direct interaction between Keap1 and p62.
Mol. Cell. Biol. 2010, 30, 3275–3285. [CrossRef] [PubMed]
132. Boya, P.; Reggiori, F.; Codogno, P. Emerging regulation and functions of autophagy. Nat. Cell Biol. 2013, 15,
713–720. [CrossRef] [PubMed]
133. Ichimura, Y.; Waguri, S.; Sou, Y.S.; Kageyama, S.; Hasegawa, J.; Ishimura, R.; Saito, T.; Yang, Y.; Kouno, T.;
Fukutomi, T.; et al. Phosphorylation of p62 activates the Keap1-Nrf2 pathway during selective autophagy.
Mol. Cell 2013, 51, 618–631. [CrossRef] [PubMed]
134. Jain, A.; Lamark, T.; Sjottem, E.; Larsen, K.B.; Awuh, J.A.; Overvatn, A.; McMahon, M.; Hayes, J.D.; Johansen, T.
p62/SQSTM1 is a target gene for transcription factor NRF2 and creates a positive feedback loop by inducing
antioxidant response element-driven gene transcription. J. Biol. Chem. 2010, 285, 22576–22591. [CrossRef]
135. Takamura, A.; Komatsu, M.; Hara, T.; Sakamoto, A.; Kishi, C.; Waguri, S.; Eishi, Y.; Hino, O.; Tanaka, K.;
Mizushima, N. Autophagy-deficient mice develop multiple liver tumors. Genes Dev. 2011, 25, 795–800.
[CrossRef]
136. Inami, Y.; Waguri, S.; Sakamoto, A.; Kouno, T.; Nakada, K.; Hino, O.; Watanabe, S.; Ando, J.; Iwadate, M.;
Yamamoto, M.; et al. Persistent activation of Nrf2 through p62 in hepatocellular carcinoma cells. J. Cell Biol.
2011, 193, 275–284. [CrossRef]
137. Ni, H.M.; Woolbright, B.L.; Williams, J.; Copple, B.; Cui, W.; Luyendyk, J.P.; Jaeschke, H.; Ding, W.X.
Nrf2 promotes the development of fibrosis and tumorigenesis in mice with defective hepatic autophagy.
J. Hepatol. 2014, 61, 617–625. [CrossRef]
138. Czaja, M.J.; Ding, W.X.; Donohue, T.M., Jr.; Friedman, S.L.; Kim, J.S.; Komatsu, M.; Lemasters, J.J.; Lemoine, A.;
Lin, J.D.; Ou, J.H.; et al. Functions of autophagy in normal and diseased liver. Autophagy 2013, 9, 1131–1158.
[CrossRef]
139. Kowalik, M.A.; Perra, A.; Ledda-Columbano, G.M.; Ippolito, G.; Piacentini, M.; Columbano, A.; Falasca, L.
Induction of autophagy promotes the growth of early preneoplastic rat liver nodules. Oncotarget 2016, 7,
5788–5799. [CrossRef]
140. Umemura, A.; He, F.; Taniguchi, K.; Nakagawa, H.; Yamachika, S.; Font-Burgada, J.; Zhong, Z.;
Subramaniam, S.; Raghunandan, S.; Duran, A.; et al. p62, Upregulated during Preneoplasia, Induces
Hepatocellular Carcinogenesis by Maintaining Survival of Stressed HCC-Initiating Cells. Cancer Cell 2016,
29, 935–948. [CrossRef]
141. Shimizu, T.; Inoue, K.; Hachiya, H.; Shibuya, N.; Aoki, T.; Kubota, K. Accumulation of phosphorylated p62 is
associated with NF-E2-related factor 2 activation in hepatocellular carcinoma. J. Hepato Biliary Pancreat. Sci.
2016, 23, 467–471. [CrossRef] [PubMed]
142. Yasuda, D.; Ohe, T.; Takahashi, K.; Imamura, R.; Kojima, H.; Okabe, T.; Ichimura, Y.; Komatsu, M.;
Yamamoto, M.; Nagano, T.; et al. Inhibitors of the protein-protein interaction between phosphorylated p62
and Keap1 attenuate chemoresistance in a human hepatocellular carcinoma cell line. Free Radic. Res. 2020,
1–13. [CrossRef] [PubMed]
143. Dash, S.; Aydin, Y.; Moroz, K. Chaperone-Mediated Autophagy in the Liver: Good or Bad? Cells 2019, 8,
1308. [CrossRef]
144. Lin, Y.; Jiang, M.; Chen, W.; Zhao, T.; Wei, Y. Cancer and ER stress: Mutual crosstalk between autophagy,
oxidative stress and inflammatory response. BioMed Pharmacother. 2019, 118, 109249. [CrossRef] [PubMed]
145. Harding, H.P.; Novoa, I.; Zhang, Y.; Zeng, H.; Wek, R.; Schapira, M.; Ron, D. Regulated translation initiation
controls stress-induced gene expression in mammalian cells. Mol. Cell 2000, 6, 1099–1108. [CrossRef]

Cancers 2020, 12, 2932

26 of 28

146. Aydin, Y.; Stephens, C.M.; Chava, S.; Heidari, Z.; Panigrahi, R.; Williams, D.D.; Wiltz, K.; Bell, A.; Wilson, W.;
Reiss, K.; et al. Chaperone-Mediated Autophagy Promotes Beclin1 Degradation in Persistently Infected
Hepatitis C Virus Cell Culture. Am. J. Pathol. 2018, 188, 2339–2355. [CrossRef]
147. Cullinan, S.B.; Diehl, J.A. Coordination of ER and oxidative stress signaling: The PERK/Nrf2 signaling
pathway. Int. J. Biochem. Cell Biol. 2006, 38, 317–332. [CrossRef]
148. Bartel, D.P. MicroRNAs: Genomics, biogenesis, mechanism, and function. Cell 2004, 116, 281–297. [CrossRef]
149. Calin, G.A.; Croce, C.M. MicroRNA signatures in human cancers. Nat. Rev. Cancer 2006, 6, 857–866.
[CrossRef]
150. Shi, L.; Wu, L.; Chen, Z.; Yang, J.; Chen, X.; Yu, F.; Zheng, F.; Lin, X. MiR-141 Activates Nrf2-Dependent
Antioxidant Pathway via Down-Regulating the Expression of Keap1 Conferring the Resistance of
Hepatocellular Carcinoma Cells to 5-Fluorouracil. Cell. Physiol. Biochem. 2015, 35, 2333–2348. [CrossRef]
151. Zhou, S.; Ye, W.; Zhang, Y.; Yu, D.; Shao, Q.; Liang, J.; Zhang, M. miR-144 reverses chemoresistance of
hepatocellular carcinoma cell lines by targeting Nrf2-dependent antioxidant pathway. Am. J. Transl. Res.
2016, 8, 2992–3002. [PubMed]
152. Shi, L.; Chen, Z.G.; Wu, L.L.; Zheng, J.J.; Yang, J.R.; Chen, X.F.; Chen, Z.Q.; Liu, C.L.; Chi, S.Y.; Zheng, J.Y.;
et al. miR-340 reverses cisplatin resistance of hepatocellular carcinoma cell lines by targeting Nrf2-dependent
antioxidant pathway. Asian Pac. J. Cancer Prev. 2014, 15, 10439–10444. [CrossRef] [PubMed]
153. Adam, J.; Hatipoglu, E.; O’Flaherty, L.; Ternette, N.; Sahgal, N.; Lockstone, H.; Baban, D.; Nye, E.; Stamp, G.W.;
Wolhuter, K.; et al. Renal cyst formation in Fh1-deficient mice is independent of the Hif/Phd pathway: Roles
for fumarate in KEAP1 succination and Nrf2 signaling. Cancer Cell 2011, 20, 524–537. [CrossRef] [PubMed]
154. Kinch, L.; Grishin, N.V.; Brugarolas, J. Succination of Keap1 and activation of Nrf2-dependent antioxidant
pathways in FH-deficient papillary renal cell carcinoma type 2. Cancer Cell 2011, 20, 418–420. [CrossRef]
[PubMed]
155. Yang, F.; Li, J.; Deng, H.; Wang, Y.; Lei, C.; Wang, Q.; Xiang, J.; Liang, L.; Xia, J.; Pan, X.; et al. GSTZ1-1
Deficiency Activates NRF2/IGF1R Axis in HCC via Accumulation of Oncometabolite Succinylacetone.
EMBO J. 2019, 38, e101964. [CrossRef] [PubMed]
156. Liu, Y.; Tao, S.; Liao, L.; Li, Y.; Li, H.; Li, Z.; Lin, L.; Wan, X.; Yang, X.; Chen, L. TRIM25 promotes the cell
survival and growth of hepatocellular carcinoma through targeting Keap1-Nrf2 pathway. Nat. Commun.
2020, 11, 348. [CrossRef] [PubMed]
157. Guo, H.; Xu, J.; Zheng, Q.; He, J.; Zhou, W.; Wang, K.; Huang, X.; Fan, Q.; Ma, J.; Cheng, J.; et al. NRF2
SUMOylation promotes de novo serine synthesis and maintains HCC tumorigenesis. Cancer Lett. 2019, 466,
39–48. [CrossRef] [PubMed]
158. Tian, B.; Lu, Z.N.; Guo, X.L. Regulation and role of nuclear factor-E2-related factor 2 (Nrf2) in multidrug
resistance of hepatocellular carcinoma. Chem. Biol. Interact. 2018, 280, 70–76. [CrossRef]
159. Bai, X.; Chen, Y.; Hou, X.; Huang, M.; Jin, J. Emerging role of NRF2 in chemoresistance by regulating
drug-metabolizing enzymes and efflux transporters. Drug Metab. Rev. 2016, 48, 541–567. [CrossRef]
160. Zhou, S.; Ye, W.; Duan, X.; Zhang, M.; Wang, J. The noncytotoxic dose of sorafenib sensitizes Bel-7402/5-FU
cells to 5-FU by down-regulating 5-FU-induced Nrf2 expression. Dig. Dis. Sci. 2013, 58, 1615–1626.
[CrossRef]
161. Chen, F.; Wang, H.; Zhu, J.; Zhao, R.; Xue, P.; Zhang, Q.; Bud Nelson, M.; Qu, W.; Feng, B.; Pi, J. Camptothecin
suppresses NRF2-ARE activity and sensitises hepatocellular carcinoma cells to anticancer drugs. Br. J. Cancer
2017, 117, 1495–1506. [CrossRef] [PubMed]
162. Gao, A.M.; Ke, Z.P.; Wang, J.N.; Yang, J.Y.; Chen, S.Y.; Chen, H. Apigenin sensitizes doxorubicin-resistant
hepatocellular carcinoma BEL-7402/ADM cells to doxorubicin via inhibiting PI3K/Akt/Nrf2 pathway.
Carcinogenesis 2013, 34, 1806–1814. [CrossRef] [PubMed]
163. Leung, H.W.; Lau, E.Y.T.; Leung, C.O.N.; Lei, M.M.L.; Mok, E.H.K.; Ma, V.W.S.; Cho, W.C.S.; Ng, I.O.L.;
Yun, J.P.; Cai, S.H.; et al. NRF2/SHH signaling cascade promotes tumor-initiating cell lineage and drug
resistance in hepatocellular carcinoma. Cancer Lett. 2020, 476, 48–56. [CrossRef]
164. Wilhelm, S.; Carter, C.; Lynch, M.; Lowinger, T.; Dumas, J.; Smith, R.A.; Schwartz, B.; Simantov, R.; Kelley, S.
Discovery and development of sorafenib: A multikinase inhibitor for treating cancer. Nat. Rev. Drug Discov.
2006, 5, 835–844. [CrossRef] [PubMed]
165. Sun, X.; Ou, Z.; Chen, R.; Niu, X.; Chen, D.; Kang, R.; Tang, D. Activation of the p62-Keap1-NRF2 pathway
protects against ferroptosis in hepatocellular carcinoma cells. Hepatology 2016, 63, 173–184. [CrossRef]

Cancers 2020, 12, 2932

27 of 28

166. Maher, J.M.; Cheng, X.; Slitt, A.L.; Dieter, M.Z.; Klaassen, C.D. Induction of the multidrug resistance-associated
protein family of transporters by chemical activators of receptor-mediated pathways in mouse liver.
Drug Metab. Dispos. 2005, 33, 956–962. [CrossRef]
167. Maher, J.M.; Dieter, M.Z.; Aleksunes, L.M.; Slitt, A.L.; Guo, G.; Tanaka, Y.; Scheffer, G.L.; Chan, J.Y.;
Manautou, J.E.; Chen, Y.; et al. Oxidative and electrophilic stress induces multidrug resistance-associated
protein transporters via the nuclear factor-E2-related factor-2 transcriptional pathway. Hepatology 2007, 46,
1597–1610. [CrossRef]
168. Kwak, M.K.; Kensler, T.W. Targeting NRF2 signaling for cancer chemoprevention. Toxicol. Appl. Pharmacol.
2010, 244, 66–76. [CrossRef]
169. Hoxtermann, S.; Nuchel, C.; Altmeyer, P. Fumaric acid esters suppress peripheral CD4- and CD8-positive
lymphocytes in psoriasis. Dermatology 1998, 196, 223–230. [CrossRef]
170. Gold, R.; Kappos, L.; Arnold, D.L.; Bar-Or, A.; Giovannoni, G.; Selmaj, K.; Tornatore, C.; Sweetser, M.T.;
Yang, M.; Sheikh, S.I.; et al. Placebo-controlled phase 3 study of oral BG-12 for relapsing multiple sclerosis.
N. Engl. J. Med. 2012, 367, 1098–1107. [CrossRef]
171. Fox, R.J.; Miller, D.H.; Phillips, J.T.; Hutchinson, M.; Havrdova, E.; Kita, M.; Yang, M.; Raghupathi, K.;
Novas, M.; Sweetser, M.T.; et al. Placebo-controlled phase 3 study of oral BG-12 or glatiramer in multiple
sclerosis. N. Engl. J. Med. 2012, 367, 1087–1097. [CrossRef] [PubMed]
172. Li, R.; Rezk, A.; Ghadiri, M.; Luessi, F.; Zipp, F.; Li, H.; Giacomini, P.S.; Antel, J.; Bar-Or, A. Dimethyl
Fumarate Treatment Mediates an Anti-Inflammatory Shift in B Cell Subsets of Patients with Multiple Sclerosis.
J. Immunol. 2017, 198, 691–698. [CrossRef] [PubMed]
173. Linker, R.A.; Lee, D.H.; Ryan, S.; van Dam, A.M.; Conrad, R.; Bista, P.; Zeng, W.; Hronowsky, X.; Buko, A.;
Chollate, S.; et al. Fumaric acid esters exert neuroprotective effects in neuroinflammation via activation of
the Nrf2 antioxidant pathway. Brain 2011, 134, 678–692. [CrossRef] [PubMed]
174. Kawata, K.; Kobayashi, Y.; Souda, K.; Kawamura, K.; Sumiyoshi, S.; Takahashi, Y.; Noritake, H.; Watanabe, S.;
Suehiro, T.; Nakamura, H. Enhanced hepatic Nrf2 activation after ursodeoxycholic acid treatment in patients
with primary biliary cirrhosis. Antioxid. Redox Signal. 2010, 13, 259–268. [CrossRef] [PubMed]
175. Balogun, E.; Hoque, M.; Gong, P.; Killeen, E.; Green, C.J.; Foresti, R.; Alam, J.; Motterlini, R. Curcumin activates
the haem oxygenase-1 gene via regulation of Nrf2 and the antioxidant-responsive element. Biochem. J. 2003,
371, 887–895. [CrossRef]
176. Bagati, A.; Moparthy, S.; Fink, E.E.; Bianchi-Smiraglia, A.; Yun, D.H.; Kolesnikova, M.; Udartseva, O.O.;
Wolff, D.W.; Roll, M.V.; Lipchick, B.C.; et al. KLF9-dependent ROS regulate melanoma progression in
stage-specific manner. Oncogene 2019, 38, 3585–3597. [CrossRef]
177. Wiel, C.; Le Gal, K.; Ibrahim, M.X.; Jahangir, C.A.; Kashif, M.; Yao, H.; Ziegler, D.V.; Xu, X.; Ghosh, T.;
Mondal, T.; et al. BACH1 Stabilization by Antioxidants Stimulates Lung Cancer Metastasis. Cell 2019, 178,
330–345. e22. [CrossRef]
178. Panieri, E.; Saso, L. Potential Applications of NRF2 Inhibitors in Cancer Therapy. Oxid. Med. Cell. Longev.
2019, 2019, 8592348. [CrossRef]
179. Jiang, Z.Y.; Lu, M.C.; You, Q.D. Nuclear Factor Erythroid 2-Related Factor 2 (Nrf2) Inhibition: An Emerging
Strategy in Cancer Therapy. J. Med. Chem. 2019, 62, 3840–3856. [CrossRef]
180. Ren, D.; Villeneuve, N.F.; Jiang, T.; Wu, T.; Lau, A.; Toppin, H.A.; Zhang, D.D. Brusatol enhances the efficacy
of chemotherapy by inhibiting the Nrf2-mediated defense mechanism. Proc. Natl. Acad. Sci. USA 2011, 108,
1433–1438. [CrossRef]
181. Tao, S.; Wang, S.; Moghaddam, S.J.; Ooi, A.; Chapman, E.; Wong, P.K.; Zhang, D.D. Oncogenic KRAS confers
chemoresistance by upregulating NRF2. Cancer Res. 2014, 74, 7430–7441. [CrossRef] [PubMed]
182. Vartanian, S.; Ma, T.P.; Lee, J.; Haverty, P.M.; Kirkpatrick, D.S.; Yu, K.; Stokoe, D. Application of Mass
Spectrometry Profiling to Establish Brusatol as an Inhibitor of Global Protein Synthesis. Mol. Cell. Proteomics
2016, 15, 1220–1231. [CrossRef]
183. Harder, B.; Tian, W.; La Clair, J.J.; Tan, A.C.; Ooi, A.; Chapman, E.; Zhang, D.D. Brusatol overcomes
chemoresistance through inhibition of protein translation. Mol. Carcinog. 2017, 56, 1493–1500. [CrossRef]
[PubMed]
184. Chian, S.; Thapa, R.; Chi, Z.; Wang, X.J.; Tang, X. Luteolin inhibits the Nrf2 signaling pathway and tumor
growth in vivo. Biochem. Biophys. Res. Commun. 2014, 447, 602–608. [CrossRef] [PubMed]

Cancers 2020, 12, 2932

28 of 28

185. Qian, C.; Wang, Y.; Zhong, Y.; Tang, J.; Zhang, J.; Li, Z.; Wang, Q.; Hu, R. Wogonin-enhanced reactive oxygen
species-induced apoptosis and potentiated cytotoxic effects of chemotherapeutic agents by suppression
Nrf2-mediated signaling in HepG2 cells. Free Radic. Res. 2014, 48, 607–621. [CrossRef]
186. Tsuchida, K.; Tsujita, T.; Hayashi, M.; Ojima, A.; Keleku-Lukwete, N.; Katsuoka, F.; Otsuki, A.; Kikuchi, H.;
Oshima, Y.; Suzuki, M.; et al. Halofuginone enhances the chemo-sensitivity of cancer cells by suppressing
NRF2 accumulation. Free Radic. Biol. Med. 2017, 103, 236–247. [CrossRef] [PubMed]
187. Wang, X.J.; Hayes, J.D.; Henderson, C.J.; Wolf, C.R. Identification of retinoic acid as an inhibitor of
transcription factor Nrf2 through activation of retinoic acid receptor alpha. Proc. Natl. Acad. Sci. USA 2007,
104, 19589–19594. [CrossRef]
188. Bollong, M.J.; Yun, H.; Sherwood, L.; Woods, A.K.; Lairson, L.L.; Schultz, P.G. A Small Molecule Inhibits
Deregulated NRF2 Transcriptional Activity in Cancer. ACS Chem. Biol. 2015, 10, 2193–2198. [CrossRef]
189. Singh, A.; Venkannagari, S.; Oh, K.H.; Zhang, Y.Q.; Rohde, J.M.; Liu, L.; Nimmagadda, S.; Sudini, K.;
Brimacombe, K.R.; Gajghate, S.; et al. Small Molecule Inhibitor of NRF2 Selectively Intervenes Therapeutic
Resistance in KEAP1-Deficient NSCLC Tumors. ACS Chem. Biol. 2016, 11, 3214–3225. [CrossRef]
190. Liu, H.Y.; Tuckett, A.Z.; Fennell, M.; Garippa, R.; Zakrzewski, J.L. Repurposing of the CDK inhibitor
PHA-767491 as a NRF2 inhibitor drug candidate for cancer therapy via redox modulation. Investig. New Drugs
2018, 36, 590–600. [CrossRef]
© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

