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Abstract: Nuclear factor erythroid 2-related factor 2 (Nrf2), an emerging regulator of cellular resis-
tance to oxidants, serves as one of the key defensive factors against a range of pathological processes
such as oxidative damage, carcinogenesis, as well as various harmful chemicals, including metals.
An increase in human exposure to toxic metals via air, food, and water has been recently observed,
which is mainly due to anthropogenic activities. The relationship between environmental exposure
to heavy metals, particularly cadmium (Cd), lead (Pb), mercury (Hg), and nickel (Ni), as well as
metaloid arsenic (As), and transition metal chromium (Cr), and the development of various human
diseases has been extensively investigated. Their ability to induce reactive oxygen species (ROS)
production through direct and indirect actions and cause oxidative stress has been documented
in various organs. Taking into account that Nrf2 signaling represents an important pathway in
maintaining antioxidant balance, recent research indicates that it can play a dual role depending on
the specific biological context. On one side, Nrf2 represents a potential crucial protective mechanism
in metal-induced toxicity, but on the other hand, it can also be a trigger of metal-induced carcinogen-
esis under conditions of prolonged exposure and continuous activation. Thus, this review aims to
summarize the state-of-the-art knowledge regarding the functional interrelation between the toxic
metals and Nrf2 signaling.

Keywords: metals; metalloid; oxidative stress; Nrf2 pathway; carcinogenesis

1. Introduction
1.1. Nrf2 Signaling

Nuclear factor erythroid 2-related factor 2 (Nrf2) is a member of the cap “n” collar basic
region-leucine zipper transcription factors encoded by the gene nuclear factor erythroid
2-like 2 (NFE2L2) [1]. It is rapidly activated in response to alterations of the redox balance
and serves as one of the key defensive factors against a range of pathological processes,
including oxidative damage and inflammation [2–6].

Under physiological conditions, Nrf2 is located in the cytoplasm, bound to its neg-
ative regulator, Kelch-like ECH-associated protein 1 (Keap1), and is constantly primed
for proteasomal degradation by the Cul3–Rbx1–E3 ubiquitin ligase complex prompted
by the interaction between a single Nrf2 protein and a Keap1 homodimer [7]. Following
stimulation-induced phosphorylation, Nrf2 is relieved from Keap1 negative regulation by
two separate mechanisms [8,9]. The first mechanism, the so-called “canonical pathway”,
includes the chemical modification of highly reactive cysteines present in Keap1 BTB and
IVR domains, which form protein–protein crosslinks following reaction with electrophiles
and lead to the disturbance of the Nrf2 interaction with the Cul3–Keap1 E3 ubiquitin
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ligase complex, causing decreased Nrf2 proteasomal degradation (Figure 1A) [10,11]. The
second mechanism, commonly identified as “non-canonical pathway”, includes a number
of different proteins such as p62, p21, dipeptidyl peptidase III (DPP3), PALB2, BRCA1, and
Wilms tumor gene on the X chromosome (WTX). These proteins can impair the formation
of the Nrf2–Keap1 complex by competing with Keap1 or Nrf2 for their reciprocal binding,
ultimately decreasing Nrf2 ubiquitination but increasing its nuclear translocation and
activation (Figure 1B) [11]. Interestingly, a number of alternative pathways controlling Nrf2
stability independently from Keap1 function have been described so far. In the first case,
the phosphorylation of Nrf2 in its serine-rich Neh6 domain by glycogen synthase kinase-3
(GSK-3) facilitates the recognition of Nrf2 by β-transducin repeat-containing protein (β-
TrCP), which is a substrate receptor for the Skp1–Cul1 Rbx1/Roc1 ubiquitin ligase complex
that targets Nrf2 for ubiquitination and proteasomal degradation (Figure 1C) [12]. On
the other hand, a second mechanism operates through the autophagy–lysosome pathway
that normally is involved in the removal of damaged subcellular components including
organelles and proteins. Conditions promoting autophagic dysfunction induce the accu-
mulation of the autophagy substrate p62/SQSTM1, which is a multi-domain protein that
interacts with a number of molecular partners [13,14]. Among the others, p62 interacts
with and sequesters Keap1 into the autophagosomes, thus preventing its recognition by
Nrf2 [13,15,16]. Another important pathway at the intersection of oxidative and ER-stress
response depends on the E3 ubiquitin ligase HRD1, which is normally involved in the
regulation of protein turnover in the ERAD (ER-associated degradation) system. However,
it has been shown that under ER stress occurring in cirrothic livers, HRD1 is overexpressed
and negatively controls NRF2 stability by promoting its ubiquitination and subsequent
degradation [17] (Figure 1D). These mechanisms are believed to finely regulate the degree
of Nrf2 pathway activation, preventing the unnecessary induction of the downstream
target genes, which instead occurs when Nrf2 escapes from proteasomal degradation and
is free to enter into the nucleus.

After the translocation into the nucleus, Nrf2 binds to the Maf proteins [8,9]. Nrf2–Maf
heterodimers positively regulate the expression of numerous of detoxification and antioxi-
dant genes that contain a cis-acting element in their promoter region, which is known as the
antioxidant response element (ARE). These genes confer protection against oxidative stress
and xenobiotics (e.g., NQO1 (NAD(P)H quinone oxidoreductase 1)), promote NADPH re-
generation (e.g., G6PD (glucose-6-phosphate dehydrogenase)), and regulate heme and iron
metabolism (e.g., HO-1 (heme oxygenase 1)) [3,18,19]. The so-called Nrf2/ARE pathway
further initiates the transcription of other target genes coding for proteins responsible for
ROS detoxication and increased antioxidant capacity, such as glutathione reductase (GSR),
glutathione peroxidase (GSH-Px), catalase (CAT), glutaredoxin (GRX), thioredoxin (TRX),
sulfiredoxin (SRX), peroxiredoxin (PRX), and glutamyl cysteine synthetase (GCS) [20,21].
Thus, Nrf2 is not only involved in many diseases wherein oxidative stress plays a causal
role (e.g., cardiovascular disease, neuronal degeneration, and cancer) [22] but also functions
as a xenobiotic-activated receptor (XAR) to regulate the adaptive response, acting as a
powerful protective mechanism for living organisms against exposure to environmental
toxicants [1,7,23]. Hence, Nrf2 and NFE2L2 are known to be affected by many toxic sub-
stances, including aflatoxin B1 [24], paraquat [25], phthalates [26], as well as toxic metals
and metaloids such as arsenic [27], lead [28], and chromium [29]. Additionally, As, Pb,
and Cr have all been shown to dissociate the Nrf2–Keap1 complex. These toxic substances
recognize and modify distinct cysteine residues on the Keap1 surface, particularly Cys226
and Cys613 [30]. After this, several sensor systems are formed on the Keap1 molecule, and
its function is disrupted, which subsequently leads to Nrf2 derepression/activation [31].
On the other hand, considering that the Nrf2 pathway has been shown to play a protective
role against exogenous oxidative damage, many recent studies have attempted to identify a
protective agent that might induce specific Nrf2 activation. Thus, various phytochemicals,
such as sulforaphane [9,32–34], curcumin [20,35], quercetin [3], and mangiferin [36] have
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been shown to suppress metal-induced toxicity via modulation of the Nrf2-dependent
cellular defence mechanisms.
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However, in light of its role in carcinogenesis, especially when induced by toxic
elements, Nrf2 can be considered a molecule with a dual nature, being both antitumorigenic
and protumorigenic. Nrf2 can upregulate anti-apoptotic proteins such as Bcl-2 and Bcl-xL,



Antioxidants 2021, 10, 630 4 of 20

promoting cell proliferation, thereby contributing to cancer cell survival [37]. Persistent
activation and accumulation of Nrf2 due to deregulated signaling and genetic mutations
might lead to carcinogenesis, tumor progression, and chemotherapeutic resistance [37,38].
Therefore, gain-of-function mutations in Nrf2 were detected in the skin, esophagus, and
larynx carcinomas, while loss-of-function mutations in KEAP1 were found in lung, bladder,
ovary, breast, liver, and stomach carcinomas [37]. Furthermore, apart from the role of the
Nrf2–KFAP1 pathway in cancer promotion, its role in inhibition was suggested as well,
proposing the possibility of using Nrf2 modulators in cancer therapy [22].

1.2. Toxic Metals and Metalloids

Although these elements are naturally present in the Earth’s crust, their content in
the environment has increased due to not only natural processes but also anthropogenic
activities, such as manufacturing, agriculture, and metal mining [39,40]. Thus, certain
metals have become important environmental pollutants, particularly in areas with high
anthropogenic pressure [41]. Non-occupationally-exposed individuals can come into con-
tact with these chemicals through a variety of sources, including air, drinking water, food,
and tobacco smoke [40,42,43]. Hence, the relationship between environmental exposure
to toxic elements, particularly lead (Pb), cadmium (Cd), arsenic (As), and mercury (Hg),
but also nickel (Ni), chromium (Cr), cobalt (Co), and antimony (Sb), and human diseases
have been repeatedly investigated [44–51]. Some of these elements are known to damage
the mental and central nervous activities, lungs, liver, kidneys, endocrine system, as well
as other fundamental organs even at low concentrations, causing various diseases [42].
Moreover, several have been shown to be carcinogenic to humans and/or experimental
animals, while As, Cd, Cr, and Ni have been classified as group 1 carcinogens by the Inter-
national Agency for Research on Cancer (IARC) [52,53]. They exhibit their harmful effects,
including carcinogenicity, through different mechanisms. These include the induction of
oxidative stress by generating free radicals and reducing antioxidant levels, the alteration
of DNA structure and expression of miRNA, inhibition of ion channels, ATP-ases and
other transporters, the increase in cytoskeleton and cell polarity, or even the impairment of
endocytosis and intracellular vesicle recycling [40,54,55].

A thorough knowledge of the molecular mechanisms associated with metal and
metalloid toxicity is essential and can contribute to the clinical development of appropriate
protective agents against their toxicity. Thus, this review aims to summarize the state-
of-the-art knowledge regarding the interrelation between the toxic elements and Nrf2
signaling as one of the important pathways targeted by these substances.

2. Determining Toxic Elements Role in Nrf2 Signaling
2.1. Cadmium-Associated Changes in Nrf2 Signaling

Cadmium (Cd) is a toxic metal often classified into industrial and environmental
pollutants, while diet and tobacco smoking are considered its most important sources for
the general population [56–58]. Cadmium accumulation may be associated with various
toxic effects on the kidney, liver, bone, lung, and testis, [58–61]. It has been classified as
a group 1 carcinogen by the IARC due to its firm linkage to kidney and prostatic can-
cers [62]; however, its linkage to pancreatic and breast cancer development has also been
suggested [44,63,64]. Cadmium is also a well-known endocrine disruptor, its role in thy-
roid [47], metabolic [46,65], and reproductive disorders [66–68] has been suggested and
shown in the literature. Mechanisms of Cd toxicity include changes in genes expression and
the inhibition of DNA damage repair, interference with autophagy, apoptosis, and alter-
ation of bioelements levels and inhibition of antioxidant defence [56]. The findings from the
vast majority of the studies support the notion that Cd exposure stabilizes Nrf2, prevents
its degradation, and promotes its nuclear translocation as a protective mechanism [69].
This leads to the dose-dependent increase in the expression of Nrf2-downstream target
genes [70], such as NQO1 and HO-1, in organs such as the liver [71,72] and spleen [73], as
demonstrated in vivo by rodents studies but also in vitro by experiments on the astrocy-
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toma cell line [74] and Mouse Embryonic Fibroblasts [2]. Lawal and Ellis (2011) speculated
that Cd provokes nuclear Nrf2 activation by interacting with a specific G protein-coupled
metal-binding receptor in macrophages and inducing phospholipase C. This event causes
the release of intracellular Ca2+ and diacylglycerol, both of which have the potential to mod-
ulate Nrf2 signaling [74]. By using Nrf2 knockout (Nrf2-/-) mouse embryonic fibroblasts
cells, it has been demonstrated that the absence of Nrf2 can be connected with a dramatical
elevation in ROS production, resulting in increased sensitivity to Cd-induced cell death [75].
In vitro experiments on bovine aortic endothelial cells have provided a link between the
upregulation of metallothioneins (MTs), a family of cysteine-rich proteins that can bind
Cd, and the Keap1–Nrf2 system upon Cd exposure [76]. This can be considered another
proof of the positive impact of the Nrf2 signaling on the defense against Cd toxicity [76],
since MTs stimulation serves as an initial response by capturing and incapacitating Cd
through thiol groups of the MTs cysteine residues [76]. In contrast, Wu et al. found no
relationship between Nrf2 and MTs stimulation in liver after a single dose of CdCl2 in
mice with enhanced Nrf2 expression [77]. The authors concluded that the positive Nrf2
impact against Cd toxicity, such as the normalization of serum ALT and LDH activities
after the Cd exposure and the attenuation of morphological liver alterations, can mostly
be linked to the induction of genes involved in the antioxidant defense [77]. However, it
was demonstrated that administration of a single CdCl2 dose to mice can also contribute
to the liver damage by inhibiting Nrf2 and HO-1 and activating inflammatory signaling
pathways, NF-κB, NLRP3, and MAPKs [72]. Inhibition of Nrf2 was also found in mice
testes accompanied by the decrease of Nrf2 downstream genes, GSH-Px, GCS, HO-1, and
NQO1 [32].

As mentioned before, Nrf2 could be regarded as a double-edged sword in the light
of carcinogenesis induced by toxic metals, including Cd. In the first stage of Cd-induced
carcinogenesis, the antioxidant activity of Nrf2 decreases ROS and shelters cells from the
malignant transformation. However, in the second stage of Cd-induced carcinogenesis,
continuous Nrf2 activation contributes to the acquired apoptosis resistance, providing a
favorable environment to cell survival and tumorigenesis [78,79].

Park and Seo (2011) have demonstrated that DNA damage occurs in the Cd treated-
Nrf2 lacking the colon cancer RKO cell line, which is followed by the increased intracellular
ROS generation and induction of micronuclei (MN), which is a hallmark of carcinogenicity
in cadmium-exposed Nrf2 deficient cells. The authors concluded that Nrf2 has important
roles in the suppression of the carcinogenicity of cadmium in terms of protection against
oxidative stress-induced DNA damage [80]. However, by performing in vitro experiments
on human bronchial epithelial cells (BEAS-2BR cell line), Wang et al. have suggested the
ability of Cd to suppress autophagy, resulting in the accumulation of autophagosomes
and increased p62 protein. This is followed by a positive feedback mechanism, wherein
p62 upregulates Nrf2, which also further upregulates p62. Eventually, constitutive Nrf2
activation increases downstream anti-apoptotic proteins, Bcl-2 and Bcl-xl, resulting in
apoptosis resistance and possible carcinogenicity [78].

Some of the most important studies investigating the effects of Cd on Nrf2 signaling
using in vitro and in vivo models are summarized in Table 1.
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Table 1. Summary of studies analyzing the effects of Cd on Nrf2 signaling.

Type Cell Culture/
Species Treatment Doses Duration Effects on Nrf2 Signaling Ref.

In
vi

tr
o

Nrf2 knockout
(Nrf2-/-) mouse

embryonic fibroblasts
(MEF) cells

2, 5, 10, 50, and
100 µM CdCl2

5 h
Increase in the ROS production and increased

sensitivity to Cd-induced cell death in Nrf2
knockout (Nrf2-/-) MEF cells.

[75]

rat proximal tubular
(rPT) cells 2.5 µM Cd 12 h

Oxidative stress via Nrf2 antioxidant pathway.
Enhanced Nrf2 nuclear translocation.

Downmodulation of Keap1.
Activated Nrf2 target genes, including detoxifying

enzymes (NQO1 and HO-1).
Autophagosome accumulation.

[69]

astrocytoma cell line
1321N1 5 and 10 µM Cd 24 h

Increased levels of NQO1 and HO-1 mRNA.
Increased nuclear accumulation of Nrf2.

Connection between phospholipase C activation
and Nrf2 signaling.

[74]

RKO human colon
carcinoma cell line

0, 5, 10, 20, 40, 80,
160 and 320 µM

CdCl2
24 h

DNA damage and increased intracellular ROS
generation in Nrf2 lacking RKO cells.

Induction of micronuclei (MN)—hallmark of
carcinogenicity in Cd-exposed Nrf2 deficient cells.

Nrf2—important role in suppression of
Cd-induced carcinogenicity.

[80]

bovine aortic
endothelial cells

0.5, 1, 2, 5 µM
CdCl2

24 h

Modification of cysteine residues in Keap1 and
Nrf2 activation.

Up-regulation of metallothionein.
Participation of Keap1–Nrf2 system in the

modulation of metallothionein-1/2 expression.

[76]

BEAS-2BR lung cells 5 or 20 µM CdCl2 24 h

Autophagy deficiency, accumulation of
autophagosomes, and increased p62.

Nrf2-p62 positive feedback mechanism.
Constitutive Nrf2 activation increases

anti-apoptotic proteins, Bcl-2 and Bcl-xl.
Apoptosis resistance.

[78]

In
vi

vo

zebrafish 0, 11, and
110 µg·L−1 CdCl2

24 h

Dose-dependent induction of Nrf2-regulated
antioxidant genes.

Increased glutathione S-transferase pi,
glutamate–cysteine ligase catalytic subunit, HO-1

and peroxiredoxin 1 mRNA.

[70]

mice 4 mg/kg b.w.
CdCl2 i.p. single dose

Activated NF-κB, NLRP3, and MAPKs signaling
pathways in liver.

Inhibition of Nrf2, HO-1, and activation of NF-κB,
NLRP3, and MAPKs contribute to liver injury.

[72]

mice 3.5 mg/kg b.w.
CdCl2 i.p. single dose

Nrf2 activation prevents Cd-induced oxidative
stress and liver injury through induction of genes
involved in antioxidant defense rather than genes

that scavenge Cd (metallothioneins).

[77]

mice 6.5 mg/kg b.w.
CdCl2 i.p. 7 days Impaired expression of Nrf2 gene in testes. [81]

mice 2.3 mg/kg b.w.
CdCl2 i.p. 10 days

Reduced mRNA and protein expression of mouse
testicular Nrf2.

Decreased expression of Nrf2 downstream genes,
GSH-Px, glutamyl cysteine synthetase (GCS),

HO-1, NQO1.

[32]

rats
20 mg/L

CdCl2
Drinking water

8 weeks

Increased Nrf2 nuclear translocation.
Elevated expression of Nrf2-downstream targets in

rat liver.
Cd-elevated protein levels of hepatic antioxidant

enzymes.

[71]

rats
20 mg/L

CdCl2
Drinking water

8 weeks
Increased Nuclear translocation of Nrf2 in spleen.

Induction of apoptosis and inhibition of
autophagy.

[73]

Abbreviations: body weight (b.w.), intraperironeal (i.p.).
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2.2. Lead-Associated Changes in Nrf2 Signaling

Lead (Pb) is an omnipresent toxic metal widely used in industry and found not
only in environmental air, dust, foods, and drinking water but also in various products
such as cosmetics, toys, paints, shot bullets, fishing weights, and lead-acid batteries [82].
Lead is recognized as an environmental pollutant threatening human health, even in low
doses, and causing severe neurological, hematological, gastrointestinal, immunological,
cardiovascular, and reproductive disorders [82–84]. The results of both in vitro and in vivo
studies have shown that exposure to Pb can be linked to a decreased antioxidant enzymes
activity and expression, while authors have suggested the potential relationship with
Nrf2 signaling [28,85]. In bovine granulosa cells, by disrupting Nrf2/NF-κB interaction,
exposure to Pb induced oxidative stress, attenuated cell proliferation, and altered cell
cycle progression, ultimately inducing apoptosis. Significant reduction in the Keap1
mRNA levels was observed, while Nrf2 showed a significant decrease with concomitant
downregulation of both SOD and CAT levels [85]. Albarakati et al. also confirmed that
Pb treatment caused a decrement in antioxidant enzyme activity and expression (SOD,
CAT, GSH-Px, and GR) and led to the high malondialdehyde (MDA) levels in rat kidneys.
In the same study, Pb exposure downregulated Nfe2l2 and HO-1 mRNA expression and
amplified the levels of inflammatory markers (TNF-α, IL-1β, and NO) in renal tissue,
which were upregulated [28]. Downregulated gene expression of Nrf2, NQO-1, and HO-1
could be seen in the rat testis as well resulting in oxidative damage, inflammation, and cell
death [82]. Moreover, inhibition of Nrf2 and HO-1 activation, coupled with the decreased
nuclear translocation of Nrf2 in mice brain, could be connected with oxidative stress,
inflammation, and apoptosis of neurons in hippocampus tissue extracted from mice after
4-week Pb treatment [86]. Furthermore, the Nrf2/HO-1 signaling pathway was highlighted
as a cellular self-defense mechanism against Pb-induced oxidative stress in SH-SY5Y
cells as well, confirming its important role in neuroprotection [83]. Moreover, Ye et al.
demonstrated the rapid elevation of Nrf2 nuclear accumulation and Nrf2–ARE binding
activities after the exposure of the same cell line to Pb. The authors also identified a link
between Nrf2 and gene expression, concluding that Pb could induce mRNA transcription
of HO-1, glutathione S-transferase omega 2 (GSTa1), and NQO1, as well as the protein
expression of HO-1 and g-glutamylcysteine synthetase (g-GCS), which are all controlled
by Nrf2 [87]. Another organ in which AMPK/Nrf2/p62 signaling was suggested to
have a defensive role from oxidative stress, inflammation, and apoptosis were lungs, as
demonstrated in an experiment in which rats were exposed to Pbvia drinking water [88].
Moreover, Wang et al. have shown a significant increase in the Nrf2 expression in testes
after the administration of different Pb doses to rats via drinking water from weaning
to 6 months of age. The authors observed nuclear translocation of Nrf2, along with the
dose-dependent decrease in GST and GSH, suggesting that the multidrug resistance protein
1 (Mrp1), which was also upregulated upon Pb exposure, might play important roles in
lead detoxification by Nrf2 [89]. The authors speculated that overactivation of nuclear
factor kappa B (NF-κB) by free radical overproduction increased the level of Keap1, leading
to Nrf2 impairment and a decrease in its antioxidant effects [90].

Some of the most important studies investigating the role of this metal on Nrf2
signaling are summarized in Table 2.
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Table 2. Summary of studies analyzing the effects of Pb on Nrf2 signaling.

Type of
Study

Cell Culture/
Species

Treatment
Concentration/Dose Duration Effects on Nrf2 Signaling Ref.

In
vi

tr
o

bovine
granulosa cells

1, 2, 3, 5, and
10 µg/mL 2 h

Oxidative stress that attenuates cell
proliferation and alters cell

cycle progression.
Apoptosis through disrupted

Nrf2/NF-κB interaction.
Decrease in Nrf2.

Concomitant downregulation of both SOD
and CAT.

[85]

SH-SY5Y cells 1, 5, 25 or 125 µM Pb
(CH3COO)2

24 h
Nrf2/HO-1 signaling pathway as cellular
self-defense mechanism protects against

Pb-induced oxidative stress.
[83]

SH-SY5Y cells 125 µM Pb
(CH3COO)2

3, 6, 12 and 24 h

Rapid increase in Nrf2 nuclear accumulation.
Nrf2–ARE binding activities in a

ROS-dependent manner.
Nrf2 regulated induction of mRNA

transcription of HO-1, GSTa1, and NQO1, as
well as the protein expression of HO-1

and g-GCS.

[87]

In
vi

vo

rats 20 mg/kg b.w., Pb
(CH3COO)2 i.p. 7 days

Downmodulation of antioxidant enzyme
activity and expression in renal tissue (SOD,

CAT, GSH-Px).
High MDA levels.

Downregulation of Nfe212 and Homx1
mRNA expression.

Increased inflammatory markers (TNF-α,
IL-1β and NO).

Upregulated synthesis of apoptotic
related proteins.

Downregulated anti-apoptotic
protein expression.

[28]

rats
20 mg/kg b.w.
Pb (CH3COO)2

i.p.
7 days

Pb (CH3COO)2 deactivated Nrf2 and HO-1
in the testicular tissue.

Overactivation of nuclear factor kappa B
(NF-κB) by free radical overproduction,

increased the level of Keap1, leading to Nrf2
impairment and decrease in its

antioxidant effect.

[90]

rats
50 mg/kg b.w.
Pb (CH3COO)2

Oral gavage
4 weeks

Downregulated gene expression of testicular
Nrf2, NQO-1, and HO-1.

Oxidative damage, inflammation, and
cell death.

[82]

mice
250 mg/L

Pb (CH3COO)2
Drinking water

4 weeks

Apoptosis of neurons in hippocampus tissue.
Oxidative stress, inflammation, and

apoptosis by inhibiting the activations of
Nrf2 HO-1 in rat brain.

Decreased nuclear translocation of Nrf2 and
the protein expressions of HO-1 and NQO1.

[81]

rats
2500 ppm Pb
(CH3COO)2

Drinking water
5 weeks

AMPK/Nrf2/p62 signaling protects the
lung from oxidative stress, inflammation,

and apoptosis.
[88]

rats
0, 0.3, and 0.9 g/L Pb

(CH3COO)2
Drinking water

6 months

Significant increases in the expressions of
Mrp1 and Nrf2 in rat testes at both

administered dose levels.
Increased nuclear translocation of Nrf2.

Dose-dependent decrease in GST and GSH.
Mrp1—important roles in lead

detoxification by Nrf2.

[89]

Abbreviations: body weight (b.w.), intraperironeal (i.p.).
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2.3. Arsenic-Associated Changes in Nrf2 Signaling

Inorganic As (III) is a ubiquitous environmental contaminant that occurs in both food
and air, while intake through water consumption presents a severe worldwide health
issue [91]. Chronic As exposure has been found to provoke various detrimental effects
and disrupt normal cellular homeostasis, particularly associated with respiratory dys-
functions [36], and linked to chronic obstructive pulmonary disease (COPD), asthma, and
pulmonary fibrosis [50,91,92]. Based on sufficient evidence for carcinogenicity, inorganic
As compounds are classified by IARC as “human carcinogens”, due to the confirmed
relationship between chronic exposure to As and skin, lung, bladder, liver, kidney, and
pancreatic cancers [62].

Findings regarding the role of Nrf2 signaling in As toxicity can be considered con-
flicting. While the Nrf2 signaling pathway plays a significant role in the antioxidation
process and is considered of great importance for the prevention and treatment of arsenic
poisoning [38], hyperactivation of the Nrf2 pathway, which occurs in the case of chronic As
exposure, contributes to cell proliferation and carcinogenicity [92]. Aono et al. were the
first to propose the involvement of Nrf2 signaling in As toxicity by demonstrating Nrf2
activation after 16h exposure of osteoblasts to 800 µM of As (V). This event was followed
by the activation of target genes encoding HO-1, as well as other oxidative stress-inducible
proteins that play important roles in the protective mechanisms under critical conditions
for cell survival, such as Peroxiredoxin I (Prx I) and A170 [93,94]. Furthermore, He et al.
concluded that Nrf2 is required for induction of the detoxification gene, NQO1, in mouse
hepa1c1c7 cells after As exposure [95]. The positive role of Nrf2 signaling was similarly
noted after the exposure of mice to As via drinking water, in a concentration that produces
a blood arsenic level comparable to that of humans living in areas where arsenic exposure
is endemic [96]. Accordingly, another in vivo investigation has hinted at a protective role of
Nrf2 against oxidative stress, demonstrating upregulation of the transcriptional expression
of genes encoding antioxidant enzymes, SOD1 and GSH-Px1, in rat serum and liver after
the As exposure in various concentrations, both via food and drinking water [97]. Increase
in SOD2 and HO-1 synthesis linked to the upregulated expression of Nrf2 protein was also
noted in mice lungs after As treatment for 3 months [36].

However, after the exposure of the bronchial epithelial cell line BEAS-2B to different As
concentrations, Bi et al. have found the relationship between Nrf2 and hypoxia-inducible
factor 1α (HIF1α), including their mutual transcriptional regulation, identifying Nrf2 acti-
vation as an initiating signal for As-induced HIF1α activation. This aspect is of particular
relevance, since both Nrf2 and HIF1α can participate in the transcriptional regulation of the
key genes important for malignant transformation and the generation of cancer stem-like
cells [98]. Schmidin et al. have found that chronic As exposure enhances the invasive and
migratory capacity of immortalized lung epithelial cells via Nrf2-dependent upregulation
of SRY-box 9 (SOX9), which is a transcription factor linked to cell proliferation, epithelial–
mesenchymal transition, and metastasis [92]. Accordingly, the authors concluded that
hyperactivation of the Nrf2 gene via the knockout of Keap1 contributes to cell proliferation,
while inhibition of Nrf2 or direct knockdown of SOX9 affects the cells’ ability to proliferate,
migrate, and invade [92]. Pi et al. have concluded that constitutive Nrf2 activation may be
involved in arsenic skin carcinogenesis, demonstrating generalized apoptotic resistance
after exposing human HaCaT keratinocytes to 100 nM As for 28 days. Another finding
of this study potentially substantiating the involvement of Nrf2 signaling in As-induced
carcinogenesis is that biomarkers for malignant transformation, MMP-9, and various cy-
tokeratins, were potentially regulated by Nrf2 [27]. Wu et al. have also demonstrated
the ability of As to induce malignant transformation of HaCaT, resulting in an enhanced
p62-NRF2 feedback loop [99]. Finally, Shah et al. have shown that chronic arsenic exposure
elevates p62 protein levels in the epidermis of mice skin. The authors concluded that the
modulation of the Nrf2 pathway was responsible for the arsenic-induced p62 expression in
keratinocytes and suggested that targeting p62 may assist in preventing arsenic-induced
skin cancer [100].



Antioxidants 2021, 10, 630 10 of 20

Furthermore, a recent study in rats revealed the possible role of Nrf2 signaling in
the neuroendocrine disruption caused by arsenic trioxide. Namely, gestational exposure
to arsenic trioxide initiated hypothyroidism/thyrotoxicity in both dams and fetuses indi-
cating fetal thyroid-cerebrum axis disruption partly relying on the suppression of Nrf2
mRNA expression and PPARγ as revealed in the fetal cerebrum in both maternal treated
groups [101].

Some of the most important studies investigating the role of As in Nrf2 signaling are
presented in Table 3.

Table 3. Summary of the studies analyzing the effects of As on Nrf2 signaling.

Type of
Study

Cell Culture/
Species Treatment Doses Duration Effects on Nrf2 Signaling Ref.

mouse
hepa1c1c7 cells

2.5 and 10 µM
NaAsO2

5 h

Nrf2 is required for induction of detoxification
gene, NQO1.

As extended the t1⁄2 of Nrf2 by inhibiting the
Keap1–Cul3-dependent ubiquitination and

proteasomal Nrf2 turnover.
As did not disrupt the Nrf2–Keap1–Cul3

association in the cytoplasm, but it induced
Nrf2 dissociation from Keap1 and Cul3 and

dimerization of Nrf2 with a Maf protein (Maf
G/Maf K) in nucleus.

[98]

In
vi

tr
o

bronchial epithelial
cell line BEAS-2B

0, 0.25, 0.5, 1, 2, 4 µM
As3+(inorganic) 8 h

Binding of Nrf2 and/or HIF1α on the genome.
Amplified Nrf2 enrichment peaks in intergenic

region, promoter and gene body.
Mutual transcriptional regulation between

Nrf2 and HIF1α.
Nrf2 activation is an initiating signal for

As-induced HIF1α activation.

[98]

L-02 cells 25 µM NaAsO2 24 h Decreased Nrf2 and its downstream genes
expression. [38]

non-small cell lung
cancer (NSCLC) 0.5 µM NaAsO2 3 months

Chronic As exposure enhances the invasive
and migratory capacity of immortalized lung

epithelial cells via Nrf2-dependent
upregulation of SRY-box 9 (SOX9),

transcription factor linked with cell
proliferation, epithelial-mesenchymal

transition, and metastasis.
Hyperactivation of Nrf2 gene via knockout of

Keap1 contributes to cell proliferation.

[92]

human HaCaT
keratinocytes 4 and 8 µM NaAsO2 28 weeks As induces p62 expression to form a positive

feedback loop with Nrf2. [100]

human HaCaT
keratinocytes 100 nM NaAsO2 28 weeks

Increased intracellular glutathione and
elevated expression of Nrf2 and its target

genes.
Generalized apoptotic resistance.

Diminished Nrf2-mediated antioxidant
response induced by acute exposure to high

doses of arsenite.
Biomarkers for malignant transformation,
MMP-9, and cytokeratins, are potentially

regulated by Nrf2.
Constitutive Nrf2 activation may be involved

in arsenic skin carcinogenesis.

[27]

human keratinocytes
(HaCaT)

100 nM or 200 nM
NaAsO2

4 h
Silencing NRF2 abrogated the increase in

mRNA and protein levels of p62 and
malignant phenotypes induced by arsenite

[99]

MC3T3-E1
osteoblasts 800 µM NaAsO2 16 h

Nrf2 activation.
Transcriptional activation of target genes

encoding HO-1, Prx I, and A170.
[93]
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Table 3. Cont.

Type of
Study

Cell Culture/
Species Treatment Doses Duration Effects on Nrf2 Signaling Ref.

In
vi

vo

Nrf2-WT and
Nrf2-KO mice

5 mg NaAsO2
Oral gavage/

20 ppm NaAsO2
Drinking water

single dose/
6 weeks

Increased basal transcript levels of GSTa1 and
significantly lower GST mu 1 (Gstm1) in liver

of Nrf2-KO mice compared to Nrf2-WT
control.

[102]

mice
10 mg/kg b.w.

NaAsO2
Drinking water

3 months

An upregulated expression of Nrf2 protein in
mice lungs.

Nrf2 has a pivotal role to maintain the
endogenous redox balance.

Induced synthesis of antioxidants SOD2 and
HO-1.

[36]

mice (Nrf2+/+ and
Nrf2−/−)

5 ppm NaAsO2
Drinking water 4 months

Decrease in the bone volume in mice lacking
Nrf2.

Lack of Nrf2 increases As-induced ROS levels
and phosphorylation of p38.

[96]

rats
5 mg/kg b.w.

NaAsO2
Oral gavage

28 days

Increased levels of ROS,
8-hydroxydeoxyguanosine (8-OHdG) and

lipid peroxidation in kidney.
Decreased levels of enzymatic and

non-enzymatic antioxidants.
Increase in apoptotic markers, DNA damage,
TUNEL-positive cells, and dark staining of

ICAM-1 in renal tissue with decreased
PI3K/Akt/Nrf2 gene expression.

[33]

rats

100 mg/L
Drinking water

/25, 50, 100 mg/kg
as food

90 days

Oxidative stress in rat liver related to the
PKCδ-Nrf2-ARE signaling pathway.

Nrf2 was associated with upregulation of the
transcriptional expression of SOD1 and

GSH-Px1 in each arsenic poisoning group.

[97]

Abbreviation: body weight (b.w.).

2.4. Mercury-Associated Changes in Nrf2 Signaling

Mercury (Hg) represents a ubiquitous environmental toxic metal that could lead to
severe toxic effects in a variety of organs usually at a low level [35]. It readily infiltrates
the blood–brain barrier and disturbs the central nervous system, especially when present
in its organic form, methylmercury (MeHg). It is markedly bioaccumulated by aquatic
organisms and, thus, can be found at the highest concentrations in top predators of the
aquatic food chain [103].

In vivo studies have confirmed the relationship between exposure to inorganic Hg,
Nrf2, and oxidative stress in various organs, e.g., heart [10] and liver [35]. For example,
Baiyun et al. (2018) have demonstrated that as a result of 56-days HgCl2 treatment, Nrf2
accumulation in the nucleus was significantly decreased in the cardiac tissue of rats, which
was connected with HgCl2-induced ROS production in the heart [10]. Similarly, in another
study, even after 3 days of exposure, HgCl2 treatment activated the Nrf2–ARE pathway
in rats [35]. The results of this study have also demonstrated that Nrf2 expression was
upregulated in a concentration-dependent manner after HgCl2 exposure, indicating that
HgCl2 could promote the dissociation of Nrf2 from its negative regulator Keap 1, resulting
in the induction of cytoprotective proteins. The authors speculated that the chemical
interaction of Hg2+ with Keap 1 protein thiol, followed by the disruption of the thiol groups
via oxidative modifications, might contribute to the upregulation of Nrf2 expression [35].
However, after 2 weeks of exposure of rats to HgCl2 through drinking water, increased cell
death in rat liver could be attributed to inefficient ROS scavenging due to a failure in Nrf2
activation [104].

It is also evident that cells respond to organic mercury, particularly MeHg, through
the activation of Nrf2 associated with S-mercuration of Keap1, and that the Keap1/Nrf2
pathway protects against MeHg toxicity [103]. It is important to note that Keap1 is a
cysteine-rich protein possessing 27 and 25 cysteine residues in humans and mice, re-
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spectively. Hence, it is possible that MeHg modifies Keap1 through S-mercuration of
specific cysteines and activates the Nrf2-regulated gene expression of glutamate–cysteine
ligase, HO-1, and multidrug resistance protein [103]. Evidence also suggests thatf Keap1-
independent signal pathways can play a significant role, which might provide an additional
contribute to MeHg-induced Nrf2 activation and cytoprotective responses against MeHg
exposure. These include Akt phosphorylation (Akt/GSK-3b/Fyn-mediated Nrf2 activation
pathway), activation of the PTEN/Akt/CREB pathway, MAPK-induced autophagy, and
increased p62 expression [105]. Thus, it is not surprising that both in vivo and in vitro
studies have shown the relationship between MeHg exposure and Nrf2. For example, 22
days of oral exposure of Nrf2-deficient mice to MeHg led not only to the decrease in the
body weight but also to the induction of hind-limb flaccidity, while wild-type mice did
not show any abnormalities [106]. The linkage between MeHg and Nrf2 has been demon-
strated on rat astrocytes as well [20]. However, interestingly, MeHg induced cytotoxicity
by promoting the Nrf2/ARE signaling pathway.

Selected studies investigating the role of Hg in Nrf2 signaling are presented in Table 4.

Table 4. Summary of studies analyzing the effects of Hg on Nrf2 signaling.

Type of
Study

Cell Culture/
Species Treatment Doses Duration Effects on Nrf2 Signaling Ref.

In
vi

tr
o

rat astrocytes 5 µM
MeHg 6h Cytotoxicity by promoting the

Nrf2/ARE signaling pathway. [20]

In
vi

vo

yellow croaker
Pseudosciaena crocea 0,32 and 64 µg/L HgCl2 96h

A coordinated transcriptional
regulation of antioxidant genes, by

Nrf2 in liver.
A negative relationship between the

mRNA levels of Nrf2 and Keap1
indicated that Keap1 may play an
important role in switching off the

Nrf2 response.

[107]

homozygous (–/–)
Nrf2-deficient mice

(C57BL/6J) and
wild-type (+/+) mice

1 mg/kgMeHg
Oral gavage 22 days

MeHg in Nrf2-deficient
mice—induction of hind-limb

flaccidity.
The body weight decrease of

Nrf2-deficient mice.

[106]

rats 80 mg/L HgCl2
Drinking water 56 days

Decreased Nrf2 accumulation in the
nucleus in the cardiac tissue.

Decreased GSH level and
GSH/GSSG ratio, increased MDA

concentration in the heart.

[10]

rats 0.6, 1.2, and 2.4 mg/kg
HgCl2 i.p. 3 days

Nrf 2 activation in liver.
Upregulation HO-1, and γ-GCS

heavy subunit expression.
[35]

rats 80 mg/L HgCl2
Drinking water 2 weeks

Increased hepatocyte death
attributed to insufficient ROS

removal because of a failure in
Nrf2 activation.

[104]

Abbreviation: intraperironeal (i.p.).

2.5. Nickel-Associated Changes in Nrf2 Signaling

Nickel has been considered a hazardous metal as a result of its capability to induce
cytotoxicity and carcinogenicity due to environmentally persistent exposure [3,108]. It
has been demonstrated that after entering the body, Ni induces tissue damage in various
organs, mainly by ROS generation and increased DNA methylation [3]. This toxic metal
has been classified by IARC as a group 1 carcinogen due to the confirmed linkage to the
increased risks of nasal and lung cancer [109].

Accordingly, the results of an in vivo study have demonstrated that exposure to Ni
can be associated with DNA methylation and inflammation connected to the Nrf2/HO-1
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and p38/STAT1/NF-κB pathways in the livers of Ni treated mice [3]. Since in this study
Ni led to the global hypermethylation but caused DNA hypomethylation of the Nrf2
promoter CpG islands, the authors suggested that this could account for the inhibition of
the Nrf2 expression and, consequently, the suppression of Nrf2 activity and its downstream
target genes [3]. Accordingly, Kim et al. identified 10 genes (CAV1, FOSL2, MICA, PIM2,
RUNX1, SLC7A6, APLP1, CLSPN, PCAF, and PRAME) as potential molecular candidates
for Nrf2-related cellular protection against Ni exposure, since they are involved in a variety
of molecular processes including oxidative stress response, necrosis, DNA repair, and cell
survival. These authors also suggested that Nrf2 can be considered an important factor
with a protective role in the suppression of mutagenicity and carcinogenicity induced
by Ni exposure [108]. By showing that Ni not only increased whole-cell Nrf2 levels and
nuclear translocation in human monocytic cells but also amplified lipopolysaccharide
(LPS)-induction of Nrf2, Lewis et al. concluded that Ni also affected cytokine secretion
through Nrf2 pathway modulation [110]. In data-mining in silico study, a link between
the Ni exposure, ER-stress, and Nrf2 signaling has been found [111]. The authors stated
that this link is particularly important for insoluble Ni compounds (i.e., Ni3S2, Ni(CO)4),
since they are uptaken by the cell via phagocytosis. Subsequently, after Ni2+ dissociation,
this metal is aggregated near the nucleus, and it might directly interact with DNA [111].
Selected studies investigating the role of Ni in Nrf2 signaling are presented in Table 5.

Table 5. Summary of studies analyzing the effects of Ni on Nrf2 signaling.

Type of
Study

Cell Culture/
Species

Treatment Doses
and Duration Duration Effects on Nrf2 Signaling Ref.

In
vi

tr
o

human
monocytic cells

10–30 mM
Ni (II) 6–72 h

Increased whole-cell Nrf2 levels
and nuclear translocation

of Nrf2.
Affected cytokine secretion

through Nrf2
pathway modulation.

[110]

RKO (ATCC
CRL-2577), human
colon cancer cells

20 µM
Ni(CH3CO2)2·x H2O 12 or 24 h

Nrf2 gene silencing exacerbated
Ni-induced oxidative stress and

DNA damage.
[108]

In
vi

vo

mice
20 mg/kg/b.w.
NiSO4(H2O)6

i.p.
20 days

DNA methylation and liver
inflammation associated with

the Nrf2/HO-1 and
p38/STAT1/NF-κB pathways.

[3]

Abbreviation: intraperironeal (i.p.).

2.6. Chromium-Associated Changes in Nrf2 Signaling

Widespread industrial usage together with unrestrained environmental release has
made Cr both an occupational hazard and an aquatic contaminant [2]. It not only leads to
respiratory hazards such as perforation of nasal mucosa and asthma but is also classified as
a group 1 carcinogen by IARC due to its linkage to lung, nasal cavity, and paranasal sinus
cancer development [112,113].

Both in vitro and in vivo studies have demonstrated that Cr exposure is connected
with elevated ROS production and apoptosis, identifying the Nrf2 pathway as a vitally
important mechanism for protecting cells subjected to oxidative stress [2,9,29,83,114–116].
Using mouse hepa1c1c7 cells, it was demonstrated that after the Cr exposure, activation
of the Nrf2 pathway and induction of cytoprotective genes HO-1 and NQO1 occurs [2].
The resulting inhibition of Nrf2 and its accumulation into the nucleus was followed by the
nuclear translocation and deubiquitination of Keap1, which was further recycled, forming
a transcriptional signaling loop [2]. Nrf2 signaling has been found to be an important
mechanism in controlling ROS-induced cytotoxicity of liver cells after the exposure of
rats to a single dose of K2Cr2O7 by activating antioxidant enzymes and protecting the
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hepatocytes [115]. In other studies, an even lower single dose of K2Cr2O7 was found to
decrease the expression of P-AMPK/AMPK and Nrf2 in rat heart, followed by oxidative
stress, apoptosis, and release of inflammatory mediators [29], while the same dose admin-
istered longer not only caused a significant decrease in Nrf2 but also affected Sirt1, Pgc-1α,
HO-1, and NQO1 expression in rat lungs [8]. Furthermore, by using the zebrafish model,
Shaw et al. (2019) demonstrated that even environmentally relevant Cr concentration may
initiate the increase in Nrf2 on both the transcriptional and translational levels, as well as
enhance its nuclear translocation [116].

Some of the in vitro and in vivo studies investigating the role of Cr in Nrf2 signaling
are presented in Table 6.

Table 6. Summary of studies analysing the effects of Cr on Nrf2 signaling.

Type of
Study

Cell Culture/
Species Treatment Doses Duration Effects on Nrf2 Signaling Ref.

in
vi

tr
o

mouse
hepa1c1c7 cells

2, 5, 10, 50, and 100 M
Cr(VI) 5 h

Elevated ROS production and
apoptosis.

Protection by Nrf2 correlates with
the induction of cytoprotective

genes HO-1 and NQO1.
Inhibition of ubiquitination of Nrf2

and accumulation of Nrf2 into
the nucleus.

Nuclear translocation and
deubiquitination of Keap1.

Transcriptional signaling loop:
activation of Nrf2 by Cr,

transcription of ARE-driven genes,
and reduction of ROS production.

[2]

in
vi

vo

zebrafish 38.16 µg/mL K2CrO4 1, 7, 15, 30, or
60 days

Increased Nrf2 in liver both at
transcriptional and
translational level.

Nrf2 translocation into the nucleus.
Oxidative stress resulting in lipid

peroxidation and extensive changes
in tissue ultrastructure.

[116]

grass carp
Ctenopharyngodon

idellus
5.3 and 10.63 mg/L 15, 30 or 45 days

Alteration in the gene expression of
Nrf2 and Mt2 in gills.

Development of oxidative stress.
[114]

rats 4 mg/kg b.w. K2Cr2O7
i.p. 35 days

Significantly decrease in Sirt1,
Pgc-1α, Nrf2, HO-1, and NQO1 in

rat lungs.
[8]

rats 17 mg/kg b.w. K2Cr2O7
i.p. single dose

Nrf2 signaling—important
mechanism in controlling liver cells

susceptibility to
ROS-induced cytotoxicty.

Nrf2 increase activates
antioxidant enzymes.

[115]

rats 4 mg/kg
K2Cr2O7 i.p. single dose

Decreased expression of
P-AMPK/AMPK and Nrf2.

Oxidative stress, apoptosis, and the
release of inflammatory mediators

in the rat heart.

[29]

rats 4 mg/kg b.w. K2Cr2O7
i.p. 35 days Nrf2 pathway—critical protective

role against oxidative stress in heart. [9]

Abbreviations: body weight (b.w.), intraperironeal (i.p.).

3. Conclusions

Nrf2 signaling represents an important pathway in maintaining antioxidant balance,
while recent research has highlighted its interrelation with metal- and metalloids- induced
toxicity. However, regardless of the type of study (in vitro vs. in vivo), conflicting data
have been obtained concerning the toxic elements influence on Nrf2 signaling. While
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some results indicate that toxic metals/metalloids lead to the increase in Nrf2 activation by
Keap1-depended mechanisms, conferring protection against their toxicity, others led to the
opposite conclusion that the Nrf2–ARE defense pathway is inhibited under the influence
of such exposure. However, whether the final outcome of the Nrf2 activation process could
be regarded as positive, or negative was found to be largely dependent on the length of
the exposure. In this respect, the majority of the studies characterized by shorter exposure
time have shown that the Nrf2 signaling pathway plays a significant role in the defense
against toxic elements. However, in the case of chronic exposure, especially regarding As
and Cd, increased p62 expression and consequent Nrf2 hyperactivation contributed to cell
proliferation and carcinogenicity. Thus, it is important to bear in mind that Nrf2 signaling
can act as a double-edged sword, decreasing ROS and sheltering cells from the malignant
transformation in the first stage, while leading to the suppression of autophagy and
apoptosis sensitivity, providing a favorable environment for cell survival and tumorigenesis
in the case of continuous activation. Thus, the identification, validation, and optimization of
new Nrf2 activators are needed for the development of effective prophylaxis, or therapy that
can enhance the Nrf2-dependent adaptive system and protect humans from not only toxic
metals/metalloids but also other environmental insults. Furthermore, further investigation
of Nrf2 signaling role in the metal- and metalloid-induced carcinogenesis, but also in
various other toxic effects of metals and metalloids, such as endocrine disruption, may
have significance in creating prophylactic or therapeutic strategy against various illnesses.
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