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Free radicals act as secondary messengers, modulating a number of important
biological processes, including gene expression, ion mobilization in transport systems,
protein interactions and enzymatic functions, cell growth, cell cycle, redox homeostasis,
among others. In the cardiovascular system, the physiological generation of free
radicals ensures the integrity and function of cardiomyocytes, endothelial cells,
and adjacent smooth muscle cells. In physiological conditions, there is a balance
between free radicals generation and the activity of enzymatic and non-enzymatic
antioxidant systems. Redox imbalance, caused by increased free radical’s production
and/or reduced antioxidant defense, plays an important role in the development
of cardiovascular diseases, contributing to cardiac hypertrophy and heart failure,
endothelial dysfunction, hypertrophy and hypercontractility of vascular smooth muscle.
Excessive production of oxidizing agents in detriment of antioxidant defenses in the
cardiovascular system has been described in obesity, diabetes mellitus, hypertension,
and atherosclerosis. The transcription factor Nrf2 (nuclear factor erythroid 2–related
factor 2), a major regulator of antioxidant and cellular protective genes, is primarily
activated in response to oxidative stress. Under physiological conditions, Nrf2 is
constitutively expressed in the cytoplasm of cells and is usually associated with Keap-1,
a repressor protein. This association maintains low levels of free Nrf2. Stressors, such
as free radicals, favor the translocation of Nrf2 to the cell nucleus. The accumulation of
nuclear Nrf2 allows the binding of this protein to the antioxidant response element of
genes that code antioxidant proteins. Although little information on the role of Nrf2 in
the cardiovascular system is available, growing evidence indicates that decreased Nrf2
activity contributes to oxidative stress, favoring the pathophysiology of cardiovascular
disorders found in obesity, diabetes mellitus, and atherosclerosis. The present mini-
review will provide a comprehensive overview of the role of Nrf2 as a contributing factor
to cardiovascular risk in metabolic diseases.
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OVERVIEW OF REACTIVE OXYGEN
SPECIES AND
CARDIOVASCULAR FUNCTION

Although reactive oxygen species (ROS) were initially presumed
to cause cell damage, they are now recognized as important
molecules that regulate many cell signaling and biological
processes, such as induction of defense genes, activation
of transcription factors, phosphorylation of kinases, and
mobilization of ions in transport systems (reviewed in Droge,
2002; Touyz and Briones, 2011; Brown and Griendling, 2015).
In the cardiovascular system, ROS generation is important to
maintain endothelial and vascular smooth muscle cells (VSMCs)
function, including vascular tone control, inflammation-
related responses, cell growth and proliferation, modulation of
extracellular matrix production, apoptosis and angiogenesis (Siti
et al., 2015; reviewed in Galley and Straub, 2017). Alterations of
the balance between cellular ROS production and the capacity
to rapidly detoxify reactive intermediates play an important role
in the development of risk factors for cardiovascular diseases
(reviewed in Harrison et al., 2003 and Touyz et al., 2018). Such
events are observed in patients with essential hypertension
(Redón et al., 2003) and various experimental models of arterial
hypertension, such as spontaneously hypertensive rats (SHR)
that exhibit increased levels of vascular superoxide anion and
vascular smooth muscle hypercontractility (Paravicini et al.,
2004). The same occurs in obesity and experimental models
of diabetes, in which insulin resistance and hyperglycemia
culminate in increased NAD(P)H oxidase enzyme activity
and endothelial nitric oxide synthase (eNOS) uncoupling,
thereby contributing to increased ROS generation and impaired
vascular function (Youn et al., 2012; da Costa et al., 2017;
Neves et al., 2018).

Vascular cells generate ROS in response to several
stimuli, including cytokines, angiotensin II, endothelin-
1, aldosterone and platelet-derived growth factor (PDGF)
(reviewed in Thannickal and Fanburg, 2000). ROS signaling
in endothelial cells and VSMCs involves alterations in the
intracellular redox state and oxidative modification of
regulatory and contractile proteins (da Costa et al., 2017).
The oxidative modification of these redox-sensitive proteins
alters their conformation, stability, activity and/or ability
to interact with other proteins, resulting in modulation of
vascular function. Redox-sensitive proteins include proteins
involved in calcium handling as well as contractile proteins,
proteins involved in various signaling and transcriptional
activities. Redox modulation of calcium handling proteins
directly affects cardiac and vascular contraction by altering
intracellular calcium levels. Examples of redox-sensitive
calcium handling proteins are calcium-calmodulin kinase
II (CaMKII), the ryanodine receptor on the sarcoplasmic
reticulum, sarcoplasmic reticulum ATPase (SERCA), and
phospholamban (reviewed in Burgoyne et al., 2012 and
Steinberg, 2013). Protein kinases and phosphatases are also
affected by direct redox modification, resulting in modulation
of various signal transduction pathways in cardiac and
vascular cells, including altered modulation of calcium

sensitivity, phosphorylation of the myofilaments and receptor
tyrosine kinase signaling (reviewed in Knock and Ward, 2011 and
Steinberg, 2013).

The long-term effects of ROS in cardiovascular function
depend on the balance between signals promoting proliferation
or growth inhibition and/or cell death. This dual role is evidenced
by the findings that endothelial apoptosis initiated by tumor
necrosis factor-alpha (TNF-α) is attenuated by ROS scavenging
(Xia et al., 2006) and that, during ischemia-reperfusion
injury, ROS trigger apoptosis, whereas ROS generated during
ischemic preconditioning prevent apoptosis (Maulik et al.,
1999; Hattori et al., 2001; reviewed in Becker, 2004). In
vascular cells, ROS can alter this balance leading to either
excessive angiogenesis or loss of endothelial cells (reviewed in
Papaharalambus and Griendling, 2007).

To contain ROS generation, there are antioxidant defenses
that prevent or neutralize the generation of highly reactive
compounds in biological systems. Among the major intracellular
antioxidant enzymes, superoxide dismutase, catalase, and
glutathione peroxidase are major players. In cooperative action,
these enzymes catalyze ROS in molecular oxygen and water
(reviewed in Rodriguez and Redman, 2005). Other agents, such
as ascorbic acid (reviewed in May and Harrison, 2013) and
phenolic acids (reviewed in Santhakumar et al., 2014), which do
not present enlightened mechanisms of action, also contribute
to redox balance.

Although the exact mechanisms underlying cardiovascular
oxidative stress during obesity, diabetes, and atherosclerosis still
remain unclear, the discovery of mechanisms and subsequent
new pharmacological interventions related to the disruption of
the antioxidant system has become of great interest to identify
key mediators that will potentially instigate and exacerbate these
cardiovascular complications.

Nrf2 ACTIVITY AND REGULATION

Several cell types throughout evolution have developed adaptive
programs to counteract oxidative stress, and the role of the
nuclear factor erythroid 2-related factor-2 (Nrf2) in these
programs has been a subject of recent interest. Nrf2 is a basic
leucine zipper region (bZip) transcription factor of the Cap
n’Collar family, with approximately 589 amino acid residues
and seven conserved domains (Neh1 – Neh7) (reviewed in
Kansanen et al., 2013). When the levels of ROS and electrophiles
become greater than the cell’s ability to detoxify them, a series of
events results in Nrf2 activation. Activated Nrf2 heterodimerizes
with Jun and small musculoaponeurotic fibrosarcoma (sMaf)
proteins, translocates to the nucleus and binds to the antioxidant
response element (ARE) or the electrophile-response element
(EpRE) in the promoter region of Nrf2 target genes. This results
in the coordinated expression and activation of antioxidant,
antiapoptotic, metabolic, and detoxification proteins. Among
the proteins with antioxidant activity regulated by Nrf2 are
superoxide dismutase (SOD), catalase (CAT), heme-oxygenase
1 (HO-1), glutathione peroxidase 1 (GPx-1) and NAD(P)H:
quinone oxidoreductase 1 (reviewed in Tebay et al., 2015).
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The conserved Nrf2 domains are crucial for their self-
regulation and activity. In this context, the Neh-1 domain is
responsible for the binding of Nrf2 to DNA through dimerization
with the low molecular weight sMaf proteins of type F, G, and K
(sMafF, sMafG, and sMafK), favored by the bZip domain, and by
recognition of the ARE (Mohler et al., 1991; Oyake et al., 1996;
reviewed in Motohashi et al., 2002). The Neh-2 domain, rich
in lysines, is responsible for binding of Nrf2 to its cytoplasmic
repressor protein Keap-1. This domain also has high and low
affinity regions for Keap-1 binding, the ETGE and DLG motifs,
respectively (Itoh et al., 1999; Kobayashi et al., 2002). The Neh-
3 domain, located in the carboxy-terminal portion of Nrf2, is
sumoylated. This post-translational modification is important
for Nrf2 transactivation. In addition to Neh-3, the Neh-4, and
Neh-5 domains, when acetylated or oxidized, in oxidative stress
conditions, are responsible for the transactivation of Nrf2 (Katoh
et al., 2001; Nioi et al., 2005). The Neh-6 and Neh-7 domains
are responsible for the degradation of Nrf2, independently of the
regulation by Keap-1 (McMahon et al., 2004; Wang et al., 2013).

In physiological conditions, when there is a balance between
oxidant species and the adequate activity of antioxidant proteins,
Nrf2 is suppressed in the cytoplasm. This suppression occurs
adjacent to the cellular cytoskeleton by the interaction of Nrf2
with Keap-1 and Cullin3, a protein of the E3 ligase family
(reviewed in Canning et al., 2015). The formation of the Nrf2-
Keap-1-Cullin3 complex becomes a signal for the ubiquitination
and proteasome degradation of Nrf2, maintaining its basal levels
along with the genes regulated by this transcription factor
(Furukawa and Xiong, 2005; reviewed in Canning et al., 2015).

Under oxidative or electrophilic stress conditions, ROS
promote the breakdown of the Nrf2-Keap1-Cullin3 complex,
allowing Nrf2 to translocate to the nucleus and activate the
expression of antioxidant proteins. The ARE is normally
suppressed by a heterodimer formed by the sMaf and Bach-
1 proteins, preventing Nrf2 heterodimerization and binding
to the ARE (reviewed in Tebay et al., 2015 and Tong et al.,
2015). However, under conditions of oxidative stress, there is
an accumulation of heme groups in the cytosol, a frequent
substrate for ROS formation. In this condition, Bach-1 undergoes
dissociation of sMaf proteins and migrates to the cytosol to act on
the heme group metabolism, allowing Nrf2 to dimerize with the
sMaf protein and initiate gene transcription (reviewed in Ryter
and Choi, 2005 and Tebay et al., 2015).

Among the proteins that participate in Nrf2 regulation
and activity, Keap-1 and Bach-1 stand out from the others
due to their direct role in redox balance and cardiovascular
homeostasis (Lopes et al., 2015). Of importance, the negative
regulation of Nrf2 by Keap-1 and Bach-1 raises the possibility
of new therapeutic targets to prevent oxidative stress-associated
cardiac hypertrophy and vascular dysfunction (Abed et al., 2015;
Jiao et al., 2018).

Nrf2 AND OBESITY

The mechanisms accompanying the progression of obesity and its
cardiovascular comorbidities have been the focus of considerable

research over the last 30 years. As the mechanistic insights
clarify, it is evident that the expansion of visceral adipose tissue
plays a pivotal role in the pathophysiology of obesity. Increased
ROS generation by the adipocytes, which, in turn, increases
expression and secretion of inflammatory adipokines, causes
dramatic consequences for the regulation of energy homeostasis
and vascular function (Keaney et al., 2003; reviewed in DeMarco
et al., 2010 and Otani, 2011). This is a common combination
associated with individual cardiovascular disease risk (Furukawa
et al., 2004; reviewed in Sowers et al., 2011).

Recent evidence shows that Nrf2 is involved in the control
of energy metabolism and might be a promising therapeutic
target for obesity. The underlying mechanism of Nrf2 in obesity
has been investigated using various experimental approaches,
including Nrf2 gene deletion, Nrf2 pharmacological activators
and Nrf2 gene overexpression, but only few of these approaches
were clinically tested. Specific pharmacological activators of
Nrf2, including epigallocatechin 3-gallate, oltipraz, sulforaphane,
curcumin and 1-[2-cyano-3, 12-dioxooleana-1, 9(11)-dien-28-
oyl] imidazole (CDDO-Im), induce the expression and activity
of Nrf2 both in vitro and in vivo (Shin et al., 2009; Yu et al.,
2011; Xu et al., 2012; Gao et al., 2013). The epigallocatechin
3-gallate-induced activation of Nrf2 in liver and adipose tissue
of obese mice improves lipidemic control, decreases oxidative
products generation, and reduces body mass, insulin and glucose
levels (Sampath et al., 2017). Interestingly, knockout mice for
the Keap-1 protein exhibit similar features, including suppression
of high-fat diet-induced obesity and decreased deposition of
lipids and cholesterol in the liver (Slocum et al., 2016).
Of importance, improvement of metabolic profile is closely
associated with improved cardiovascular function (da Costa et al.,
2016; Neves et al., 2018).

A recent study demonstrated that the Nrf2 activator
sulforaphane, during revascularization procedures in
metabolically compromised individuals, has the potential to
suppress the progression of intimal hyperplasia. In addition,
Nrf2 activation attenuates leptin-induced proliferation of VSMCs
in the diet-induced obesity scenario (Shawky et al., 2016).

Natural compounds are also promising elements in Nrf2
activation during obesity. As an example, Zeng et al. (2015)
observed that curcumin, a natural Nrf2 activator, suppresses
oxidative stress, inflammation and hypertrophy induced by
treatment of cardiac cells with free fatty acids. Similarly,
high-fat diet induced oxidative stress, inflammation, fibrosis,
hypertrophy and tissue remodeling are attenuated by curcumin
treatment. These benefits are closely associated with increased
Nrf2 expression and activity, as well as reduced ROS generation
(Zeng et al., 2015).

Deletion of the Nrf2 gene is expected to increase ROS
generation and to aggravate the phenotypes of obesity. Nrf2
knockout mice show increased ROS generation, deposition of
fatty acids in the liver and increased expression of genes related
to the synthesis of lipids and cholesterol (Tanaka et al., 2008).
Consistent with these findings, our group showed that obesity in
mice favors vascular oxidative stress by increasing the expression
of the downregulatory proteins of Nrf2, Keap-1 and Bach-1
(Costa et al., 2017).

Frontiers in Pharmacology | www.frontiersin.org 3 April 2019 | Volume 10 | Article 382

https://www.frontiersin.org/journals/pharmacology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/pharmacology#articles


fphar-10-00382 April 10, 2019 Time: 20:3 # 4

da Costa et al. Nrf2 in Metabolic Diseases

Nrf2 in adipose tissue function and metabolic syndrome
has also been examined. Xue et al. (2013) determined the
role of Nrf2 in the development of obesity and associated
metabolic disorders, using Nrf2-knockout mice on a leptin-
deficient ob/ob background, a model with an extremely
positive energy balance. In obese mice, ablation of Nrf2,
globally or specifically in adipocytes, reduces white adipose
tissue mass. However, Nrf2 deletion results in even more
severe metabolic syndrome with aggravated insulin resistance,
hyperglycemia, and hypertriglyceridemia. In addition, when
compared to wild-type mice, the white adipose tissue of obese
mice expresses substantially higher levels of many genes related
to antioxidant response, inflammation, adipogenesis, lipogenesis,
glucose uptake, and lipid transport (Xue et al., 2013). These
findings support a role for Nrf2 in regulating adipose tissue
development and function, insulin sensitivity, glucose and
lipid homeostasis.

In contrast to the above-mentioned study, Nrf2 knockout
mice treated with a high-fat diet tend to gain less body mass
and display increased insulin sensitivity and glucose tolerance.
In addition, they do not exhibit increased glucose, cholesterol,
or plasma triglycerides. Of importance, the altered metabolic
phenotype of Nrf2- knockout mice on high-fat diet is associated
with higher expression and abundance of fibroblast growth
factor 21 (FGF21), a novel hormone that regulates energy
metabolism, glucose tolerance and adipose tissue expansion
(Chartoumpekis et al., 2011).

The complex roles of Nrf2 in adipogenesis and adipose
tissue functions were recently examined by adipose tissue-specific
ablation of Nrf2 in mice. This condition is associated with
a transient delayed increase of body weight in high-fat diet-
fed mice. However, the benefit is eventually suppressed after
prolonged feeding. The phenotypic changes induced by adipose
tissue-specific ablation of Nrf2 also extend to the whole-body
level, reducing blood glucose and altering the expression of
genes involved in glucose, lipid and energy metabolism (Zhang
et al., 2016). These findings are consistent with those of previous
studies using Nrf2 knockout mice (Pi et al., 2010; Xu J. et al.,
2015) and provide additional mechanistic insights into the role
of Nrf2 as an important mediator of glucose, lipid and energy
metabolism. To date there are no studies showing direct effects
of Nrf2 deletion on cardiovascular function.

The apparent contradictory role of Nrf2 protecting mice from
obesity and insulin resistance in conditions of Nrf2 deficiency
in comparison to Nrf2 pharmacological activation, may be
explained by the observations that Nrf2 deficiency leads to a mild
increase in the levels of ROS, which stimulate the antioxidant
system in a manner similar to the Nrf2 activators (reviewed in
Bocci et al., 2014). Another possible explanation is that Nrf2
activators also regulate non-Nrf2 signaling pathways to modulate
glucose and lipid metabolism. The same is true for Keap-1, the
Nrf2 repressor protein, which may also have Nrf2-independent
effects on transcription factors and, consequently, on metabolic
homeostasis (Huang et al., 2012). Controversial results on the
role of Nrf2 in obesity may be linked to differences in the
pathophysiological characteristics of obesity (such as diet content
or time under obesity conditions), as well as specific genetic

characteristics. Table 1 summarizes the contribution of Nrf2
signaling in different obesity conditions. Further studies are
required to explore this apparent discrepancy on the role of
Nrf2 in obesity.

The Nrf2/Keap1/ARE signaling pathway also represents a
mechanism by which the gut microbiome activates a wide
range of host signaling and homeostatic processes (reviewed
in Murota et al., 2018). The intestinal microbiome and its
metabolites display a pivotal role in host physiological processes
including immune, metabolic, neurological, and nutritional
homeostasis (reviewed in Lynch and Pedersen, 2016). Many
of these physiological processes are under influence of ROS
generation in the gut epithelia. Alterations in the gut microbiota
have recently emerged as major triggers of abnormalities in the
integrity of the intestinal barrier, facilitating blood translocation
of bacteria and uremic toxins, systemic inflammation and adverse
outcomes in obesity and diabetes (reviewed in Belizário et al.,
2018). Nrf2 activation in intestinal barrier leads to upregulation
of antioxidant enzymes, thereby strengthening the cell’s ability
to neutralize several types of free radicals (Zheng et al.,
2018). In addition, the relationship between bacterial-dependent
ROS generation and Nrf2 pathway activity was recently
revealed by observations that lactobacilli-induced and Nox1-
mediated generation of ROS evokes Nrf2-dependent activation
of cytoprotective antioxidants genes (Jones et al., 2015). In fact,
microbe-induced ROS generation and activation of Keap1/Nrf2/
ARE signaling may contribute to our understanding on the
mechanisms involved in the genesis of obesity and diabetes,
comorbidities associated with increased cardiovascular risk.

Nrf2 AND TYPE 2 DIABETES MELLITUS

There is abundant evidence that oxidative damage caused by
free radicals contributes to the pathogenesis and progression
of type 2 diabetes mellitus and its complications (reviewed in
Dandona et al., 1996; Brownlee, 2001 and Giacco and Brownlee,
2010). Only recently, however, has the role of the Nrf2/Keap-
1/ARE pathway in the pathophysiology of this condition and the
wide range of its complications, such as diabetic nephropathy
and impaired cutaneous wound healing begun to be elucidated
(Jiménez-Osorio et al., 2014; reviewed in Uruno et al., 2015;
Long et al., 2016). Furthermore, as noted in an excellent and
recent review on Nrf2 (David et al., 2017), this pathway is
implicated in diabetic damage to the pancreas (Yagishita et al.,
2014) and heart (Li et al., 2009). There are promising results
provided by animal studies and clinical trials suggesting that
activation of this pathway can delay or even reverse type 2
diabetes mellitus-associated dysfunctions (Ichikawa et al., 2009;
Uruno et al., 2013).

A consistent alteration in diabetic patients is the presence of
endothelial dysfunction, which precedes the development
of diabetes-associated vascular complications and may
explain, in part, the increased cardiovascular risk in this
condition. Endothelial dysfunction in diabetes is associated
with enhanced vascular contractility, oxidative stress and
vascular inflammation (Zakkar et al., 2009; Tabit et al., 2010
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TABLE 1 | Nrf2 signaling and actions in obesity and atherosclerosis animals models.

Genotype
strain mice

Metabolic and body
parameters

Atherosclerotic
plaque

Diet / feeding time
period

Effect on Nrf2 and target
genes

References

Male C57BL/6J HFD vs. LFD
↓ glycaemia and
body weight.

HFD + E-75 vs. LFD
↔ glycaemia and
body weight.

Not assessed LFD (10% calories from
fat) or HFD (45%
calories from fat), and
HFD + E-25 or HFD +
E-75 for 17 weeks.

HFD vs. LFD
↔ Nrf2 nuclear fraction in
the liver.

HFD + E-75 vs. LFD
↑ Nrf2 nuclear fraction and
HO-1 protein expression.

Sampath et al. (2017)

Male C57BL/6J WT
and Keap1-hypo

HFD Keap1-hypo vs. HFD
WT
↓ glycaemia, hepatic
triglyceride and body weight.

Not assessed SD (10 kcal % fat) or
HFD (60 kcal % fat) for
90 days.

Keap1-hypo vs. WT
↑ NQO-1 mRNA.

Slocum et al. (2016)

Male C57BL/6J HFHS+SFN vs. HFHS
↓ glycaemia, weight gain,
plasma leptin, plasma insulin,
cLDL and triglycerides.

HFHS+SFN vs. HFHS
↓ neointima formation
in the injured femoral
artery.

SD (10% calories from
fat and 72% from
carbohydrate) or
HFHS diet (40%
calories from fat, 42%
from carbohydrate and
0.15% w/w
cholesterol), and
HFHS + SFN for
8 weeks.

SFN induces Nrf2
activation.

Shawky et al. (2016)

Male C57BL/6J HFD curcumin vs. HFD
↔ triglycerides, LDL,
cholesterol total and body
weight.

Not assessed SD or HFD, and HFD +
curcumin treatment for
8 weeks.

HFD curcumin vs. HFD
↑ Nrf2, HO-1 and NQO-1
gene and protein
expression in the
myocardium.

Zeng et al. (2015)

Male C57BL/6J WT;
Nrf2+/+:ob/ob;
Nrf2−/−:ob/ob and
Adipocyte-specific
Nrf2-KO

Nrf2−/−:ob/ob vs.
Nrf2+/+:ob/ob
↓ weight gain and white
adipose tissue;
↑ insulin resistance,
triglycerides, glycaemia.

Adipocyte-specific Nrf2-KO
and Nrf2−/−:ob/ob mice
have a similar phenotype.

Not assessed SD for 11 weeks. WT vs. Nrf2+/+:ob/ob
↑ HO-1 and NQO-1 mRNA.

Xue et al. (2013)

Male C57BL/6J WT
and Nrf2−/−

Nrf2-/- HFD vs. HFD WT
↓ weight gain, basal glucose,
insulin resistance, leptin.
↑ triglycerides.

Not assessed SD (10 kcal % fat) or
HFD (60 kcal % fat) for
180 days.

HFD WT vs. SD WT
↑ Nrf2 mRNA.

Chartoumpekis et al.
(2011)

Male adipose-specific
Nrf2-KO (NK) and Nrf2
control (NC)

NK HFD vs. NC HFD
↓ weight gain, basal glucose.
↔ cholesterol, leptin, free
fatty acid.

Not assessed SD (5.55% kcal
soybean oil and 4.44%
kcal) or HFD (5.55%
kcal soybean oil and
54.35% kcal) for 14
weeks.

NK mice has a reduction in
adipose tissue Nrf2
expression

Zhang et al. (2016)

Male C57BL/6J WT
and Nrf2−/−

Nrf2−/− HFD vs. WT HFD, 12
weeks
↓ weight gain, adipose tissue.

Not assessed Regular diet (11% fat)
or HFD (41% fat) for 4,
8, and 12 weeks.

Not assessed Pi et al. (2010)

Male Lepob/ob (OB) and
Nrf2/Lepob/ob (OB-Nrf2
KO)

OB-Nrf2 KO vs. OB, 8 weeks
↓ body weight, adipose
tissue, glucose tolerance.
↑ VLDL/triglycerides hepatic
secretion, triglycerides,
cholesterol.
↔ not-fasting glucose.

Not assessed SD for 4, 8, and
12 weeks.

Not assessed Xu J. et al., 2015

(Continued)
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TABLE 1 | Continued

Genotype
strain mice

Metabolic and body
parameters

Atherosclerotic
plaque

Diet / feeding time
period

Effect on Nrf2 and
target genes

References

Male C57BL/6J WT
and Nrf2−/−

Not assessed Not assessed SD and Carotid artery
treatment with oxPAPC
for 6 h and 24 h.

WT + oxPAPC vs. WT
↑ HO-1 and NQO-1
expression.

Jyrkkänen et al. (2008)

Female
HO-1−/−:ApoE−/− and
HO-1+/+:ApoE+/+

↔ cholesterol. ↑ Atherosclerotic lesion
formation.

Western Diet (1.25%
cholesterol and 21%
fat) for 8 weeks.

Not assessed Yet et al. (2003)

Male Nrf2−/−:ApoE−/−

and
Nrf2+/+:ApoE−/−

↓ cholesterol, VLDL in
Nrf2−/−:ApoE−/− irradiated.

↔ Atherosclerotic
lesion at 3 and
5 weeks.
↓ atherosclerotic
plaque at 12 weeks in
Nrf2−/−: ApoE−/−.

HFD (1.25%
cholesterol) for 3, 5,
and 12 weeks.

↓ HO-1 expression in
Nrf2+/+: ApoE−/− with
HFD at 12 weeks.

Harada et al. (2012)

Male LDLr−/− and
LDLr−/− transplanted
with Nrf2−/− BM
(Nrf2+/+ BM)

↔ cholesterol, triglycerides. ↑ Lesion, necrotic cord. SD or HFD. HFD-fed Nrf2−/− vs.
Nrf2+/+ BM mice
↓ NQO-1, catalase,
Gpx-1.

Collins et al. (2012)

Male C57BL/6J WT
and Nrf2−/−

Not informed Nrf2−/−

↑ neointimal formation.
SD for 4 weeks. Nrf2 depletion. Ashino et al. (2013)

Male C57BL/6J WT
and Nrf2−/−

Not informed Nrf2−/−

↑ neointimal formation
after femoral injury.

SD. Femoral artery injury
WT
↑ Nrf2.
↓ Keap1.

Ashino et al. (2016)

↔, not altered; ↓, decreased; ↑, increased; Adipocyte-specific Nrf2-KO, mice with Nrf2 deletion only in adipose tissue; ApoE−/−, knockout mice to apolipoprotein E;
BM, bone marrow; cLDL, cholesterol fraction of the Low density lipoprotein; E-25 and E-75, treatment with Epigallocatechin-3-gallate 25 and 75 mg/kg, respectively;
Gpx-1, glutathione peroxidase 1; HFD, high fat diet; HFHS + SFN, HFHS diet-fed mice that receive SFN treatment; HFHS, high fat high sugar diet; SFN, sulforaphane;
HO-1, Hemeoxygenase 1; Keap1-hypo, hypomorphic Keap1 allele mice; LDL, low density lipoprotein; LDLr−/−, knockout mice to low density lipoprotein receptor;
Lepob/ob or ob/ob, leptin-deficient mice; LFD, low fat diet; NQO-1, NAD(P)H:Quinone Oxidoreductase 1; Nrf2, Nuclear factor-like 2; Nrf2−/−:ob/ob mice, Nrf2 knockout
and leptin-deficient mice; Nrf2-KO or NRF2−/−, knockout mice to Nrf2; oxPAPC, oxidized 1-palmitoyl-2-arachidonoyl-sn-glycero-phosphocholine; SD, standard diet;
WT, wild type mice.

and Hamilton and Watts, 2013). The importance of Nrf2 and
its downstream elements in the control of vascular function in
diabetes has become increasingly apparent and is reinforced by
multiple studies using many of the same agents for protection
from conditions other than diabetes. Bardoxolone methyl, a
synthetic small molecule activator of the Nrf2/Keap-1 pathway,
improves structural and functional changes in animal models of
renal disease (Wu et al., 2011; Chin et al., 2013). Its therapeutic
potential was extended to clinical trials in type 2 diabetic patients
with chronic kidney disease (Pergola et al., 2011). The recent
studies published by Tan and Sharma’s group demonstrated
that the bardoxolone analog, dh404, at low doses, attenuates
atherosclerosis in diabetic Apolipoprotein E (ApoE) knockout
mice (Tan et al., 2014) and protects against diabetes-induced
endothelial dysfunction, both in vivo and in vitro (Sharma et al.,
2017). Considering that endothelial dysfunction, which is the first
step in the development of vascular complications in diabetes, is
accompanied by pro-oxidative and pro-inflammatory processes,
the atheroprotective effects of dh404 could be mediated by
improvement of the endothelial function. In agreement with
these observations, increased Nrf2 activity induced, for example,
by bardoxolone or sulforaphane, abrogates augmented vascular
contraction (Alves-Lopes et al., 2016; Sharma et al., 2017) and
attenuates reduced vasodilation in diabetic mice (Lu et al., 2017).

One proposed mechanism for the improvement of endothelial
function following Nrf2 activation is the increased expression of
a subunit of the BK (big potassium or large conductance, Ca2+-
activated potassium) channel, the BK-β1, and its attenuated
degradation (Lu et al., 2017), a process commonly accelerated
by diabetes-induced oxidative stress (Li et al., 2017). Other
mechanisms include reduced systemic and vascular oxidative
stress as well as increased nitric oxide (NO) bioavailability
(Liu et al., 2016; Pereira et al., 2017). Beyond this immediate
homeostatic response, long-term consequences of Nrf2 activity
have also been described as important culprits of micro-
and macrovascular complications associated with diabetes.
Accordingly, the literature describe functional connections
between Nrf2 and signaling pathways involving nuclear factor-
κB (NF-κB), p53, ERK5, mTOR46, heat shock proteins, activator
protein-1 (AP-1) and Notch homolog 1, translocation-associated
(Drosophila) (NOTCH1) (Hwang et al., 2017). This implies
that Nrf2 modulates many cellular activities, beyond its
immediate homeostatic and cytoprotective actions, influencing
processes as diverse as inflammation, proliferation, apoptosis, cell
differentiation, tissue regeneration and even metabolism. In fact,
decreased activation of Nrf2 is observed in experimental diabetic
cardiomyopathy, along with a decrease in the downstream
activity of antioxidant enzymes and increased oxidative stress
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(Wang et al., 2017). In this sense, activation of the Nrf2 system
attenuates vascular remodeling by decreasing proliferation,
migration, and fibrotic processes. These effects are mediated
by reduced metalloproteinase activity and decreased protein
expression of adhesion molecules and TNF-α (Wang et al., 2014;
Choi et al., 2015).

Such widespread protective effects of Nrf2 might constitute
the underlying mechanism involved in the progression of
diabetes-associated complications. These results have also
provided strong support for the development of new potent
enhancers of Nrf2 activity for the prevention and treatment
of many diseases in which both inflammatory and oxidative
processes have a key pathogenic role.

Nrf2 AND ATHEROSCLEROSIS

Atherosclerosis, a progressing inflammatory disease produced
by many risk factors, such as diabetes, hypertension, and
hyperlipidemia, is one of the major cardiovascular diseases,
which, together with myocardial infarction and coronary heart
disease, will account for more than 20 million deaths in
2030 (reviewed in Yahagi et al., 2016). Even though much is
known about the mechanisms that result in the formation of
atherosclerotic plaque, the processes are not entirely understood.

During the atherogenesis process, the build-up of lipids in the
arterial intima triggers several changes in the microenvironment
of the arterial wall, such as the formation of fatty streaks,
endothelial dysfunction, recruitment and activation of immune
cells and VSMCs proliferation (reviewed in Raggi et al.,
2018). Recruitment and retention of inflammatory cells lead

to persistent production of cytokines and ROS that contribute
to the progression of atherosclerotic lesion (reviewed in
Koelwyn et al., 2018). Increased ROS induces the oxidation
of low-density lipoprotein (LDL) to ox-LDL that contributes
to oxidative stress and foam cell formation in the arterial
wall, aggravating the atherosclerotic plaque formation (reviewed
in Koelwyn et al., 2018). In this scenario, the transcription
factor Nrf2 is considered a protective signaling molecule, since
it induces the expression of many antioxidant genes that
may attenuate atherosclerosis progression (Jyrkkänen et al.,
2008; reviewed in Guerrero-Hue et al., 2017). For instance,
deficiency of GPX-1, a Nrf2 target gene, in mice increases
ox-LDL-induced foam cell formation and leads to amplified
proliferative activity of peritoneal macrophages, indicating that
this gene is atheroprotective (Cheng et al., 2013). Moreover,
atherosclerotic lesion development and oxidative stress are
accelerated in HO-1 deficient ApoE knockout mice (Yet et al.,
2003). Deletion of HO-1 in macrophages increases lipid build-
up and foam cell formation and, consequently, the production
of ROS and pro-inflammatory cytokines (Orozco et al., 2007).
Cheng et al. found that HO-1 expression is increased in
vulnerable plaque from patients with symptomatic carotid
artery disease and this increase correlates with unstable plaque
phenotype. These findings indicate that HO-1 is a major
regulator of advanced atherosclerotic lesion progression (Cheng
et al., 2009). However, it is not clear whether the induction
of HO-1 is a compensatory atheroprotective response, trying
to reduce increased levels of ROS in the plaque, or if it
contributes to increased plaque vulnerability. Therefore, more
studies are necessary to understand the role of HO-1 in advanced
atherosclerotic plaque stage.

FIGURE 1 | Mechanisms involved in the actions of reactive oxygen species that lead to metabolic diseases and cardiovascular risk development. Metabolic diseases
are closely associated with increased generation of reactive oxygen species (ROS) due to reduced Nrf2 antioxidant activity. This phenomenon culminates in
target-organ damage and metabolism disorders, such as adipogenesis and adipose tissue inflammation, increased production of hepatic cholesterol, decreased
insulin secretion, insulin resistance, loss of integrity of vascular tone control, endothelial dysfunction and atheroma formation, all contributing to increased
cardiovascular risk. Nrf2 activation by several agents reduces ROS levels, decreasing metabolic damage and reducing cardiovascular risk.
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On the other hand, Nrf2 gene deletion in ApoE knockout
mice decreases atherosclerotic lesions at a late stage, whereas it
does not affect atherosclerotic lesions in earlier stages (Harada
et al., 2012). These observations suggest that Nrf2 inhibition
may be atheroprotective in advanced plaques. Additionally,
Ishii et al. observed that oxidized lipids induce Nrf2-dependent
CD36 scavenger receptor expression in macrophages, resulting
in intracellular accumulation of ox-LDL (Ishii et al., 2004).
However, deletion of Nrf2 in myeloid cells of LDL receptor
knockout mice (LDLr−/−) exacerbates atherosclerotic lesions
and increases pro-inflammatory genes expression (Collins
et al., 2012), indicating that Nrf2 activity in myeloid cells
and macrophages modulates the pro-inflammatory vascular
milieu associated with atherosclerosis. These conflicting
findings demonstrate that Nrf2 may also exhibit pro-
atherogenic functions, depending on atherosclerotic lesion stage
or animal model.

The accumulation of lipids into the vascular intima is
related to oxidative and pro-inflammatory stress that result
in endothelial cells dysfunction (reviewed in Sitia et al.,
2010). Pro-inflammatory cytokines contribute to monocytes
recruitment into the intima by inducing expression of endothelial
adhesion molecules and chemokines. Nrf2 activity reduces
the inflammatory response in endothelial cells. Ox-LDL-
induced expression of vascular cellular adhesion molecule-
1 (VCAM-1) and intracellular adhesion molecule-1 (ICAM-
1) is reduced by a HO-1 inducer (Zhang et al., 2013).
Furthermore, Nrf2/ARE pathway suppresses TNF-α-induced
expression of redox-sensitive inflammatory genes, including
monocyte chemoattractant protein (MCP)-1 and VCAM-
1 (Chen et al., 2006). These results indicate that Nrf2
activation is atheroprotective due to its antioxidant and anti-
inflammatory actions that limit the deleterious effects imposed by
hyperlipidemic and inflammatory processes to endothelial cells.

Nrf2 anti-atherogenic effects have also been linked to its
modulatory effects on migration and proliferation of VSMCs.
PDGF-induced VSMCs migration is increased by Nrf2 depletion,
and Nrf2-deficient mice exhibit higher neointimal hyperplasia, as
shown in a wire injury model (Ashino et al., 2013). Nrf2 control of
neointima hyperplasia may be linked to the ability of Nrf2/Keap-1
system to regulate VSMCs apoptosis and, consequently, to inhibit
neointimal hyperplasia after vascular injury (Ashino et al., 2016).
Also, increased expression of Nrf2 target genes reduces VSMCs
proliferation (Duckers et al., 2001; Kim et al., 2009). Moreover,
Nrf2 activity is important to maintain VSMCs phenotype (Xu
M. et al., 2015) and the activation of Keap-1/Nrf2/NQO1
pathway attenuates VSMCs calcification circulating calciprotein
particles (CPP)-induced VSMCs calcification (Aghagolzadeh
et al., 2017). Taken together, these studies indicate that Nrf2 may
protect against atherogenesis by decreasing VSMCs migration,
proliferation, calcification and vascular remodeling.

In recent years, microRNAs (non-coding small RNAs)
were identified as key regulators in the cellular events and
molecular signaling pathways involved in atherosclerosis
(reviewed in Feinberg and Moore, 2016). Multiple microRNAs
that participate in cholesterol homeostasis (miR-33), macrophage
activation (miR-155), endothelium dysfunction (miR-146),

VSMCs proliferation (miR-221), and other processes that lead
to plaque progression have already been identified (reviewed in
Feinberg and Moore, 2016). In this context, the Nrf2 system and
microRNAs can establish regulatory loops and influence vascular
responses to oxidative and inflammatory injury. Accordingly,
Nrf2 and miR93 regulate endothelial glycolysis, proliferation,
and quiescence by Krüppel-like Factor 2 (KLF2)- and vascular
endothelial growth factor A (VEGFA)-dependent mechanisms
(Kuosmanen et al., 2017). Moreover, oxidized palmitoyl-
arachidonoyl-phosphatidylcholine (Ox-PAPC)- induced HO-1
expression is partially dependent on miR-320a in endothelial
cells (Schrottmaier et al., 2014). However, the role of microRNAs
in the Nrf2 system and their implications in atherogenesis need
to be further explored.

In conclusion, anti-oxidant and anti-inflammatory effects
of Nrf2 play an essential modulatory role in the formation
and progression of atherosclerotic lesions, regulating functional
and structural vascular responses. However, additional studies
are necessary to explain the discrepant results related to the
role of Nrf2 in the different stages of plaque progression. The
interactions between microRNAs and Nrf2 target genes during
atherosclerosis development also deserve further investigation.

CONCLUSION

Activation of the Nrf2-dependent antioxidant system plays an
important role in cell defense against oxidative stress damage,
whereas the insufficiency of the Nrf2 system is associated with
multiple aspects of the genesis and progression of metabolic
diseases, posing a great risk to the cardiovascular system
(Figure 1). The systemic increase of Nrf2 activity by several
activators may be beneficial in the treatment of metabolic
diseases. In addition, selective upregulation of Nrf2 genes
may represent a potential therapy in obesity, diabetes and
atherosclerosis. Looking to the future, experimental research that
elucidates the role of Nrf2 activation in specific tissues, such as
adipose tissue, liver, pancreas and others, is important for better
understanding of the multiple roles of Nrf2. Additional studies
may also provide new redox balance-targeted therapy for the
treatment of metabolic diseases and consequent mitigation of
cardiovascular risk.

AUTHOR CONTRIBUTIONS

RdC, DR, CP, JS, JA, NL, and RT equally contributed
to the conception and draft of manuscript and approved
its final version.

FUNDING

The research leading to these Mini Review received funding
from the São Paulo Research Foundation (FAPESP) under
grant agreement no. 2013/08216-2 (Center of Research in
Inflammatory Diseases – CRID).

Frontiers in Pharmacology | www.frontiersin.org 8 April 2019 | Volume 10 | Article 382

https://www.frontiersin.org/journals/pharmacology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/pharmacology#articles


fphar-10-00382 April 10, 2019 Time: 20:3 # 9

da Costa et al. Nrf2 in Metabolic Diseases

REFERENCES
Abed, D. A., Goldstein, M., Albanyan, H., Jin, H., and Hu, L. (2015). Discovery

of direct inhibitors of Keap1–Nrf2 protein–protein interaction as potential
therapeutic and preventive agents. Acta Pharm. Sin. B 5, 285–299. doi: 10.1016/
j.apsb.2015.05.008

Aghagolzadeh, P., Radpour, R., Bachtler, M., van Goor, H., Smith, E. R., Lister, A.,
et al. (2017). Hydrogen sulfide attenuates calcification of vascular smooth
muscle cells via KEAP1/NRF2/NQO1 activation. Atherosclerosis 265, 78–86.
doi: 10.1016/j.atherosclerosis.2017.08.012

Alves-Lopes, R., Neves, K. B., Montezano, A. C., Harvey, A., Carneiro,
F. S., Touyz, R. M., et al. (2016). Internal pudental artery dysfunction
in diabetes mellitus is mediated by NOX1-derived ROS-, Nrf2-, and rho
kinase-dependent mechanisms. Hypertension 68, 1056–1064. doi: 10.1161/
HYPERTENSIONAHA.116.07518

Ashino, T., Yamamoto, M., and Numazawa, S. (2016). Nrf2/Keap1 system regulates
vascular smooth muscle cell apoptosis for vascular homeostasis: role in
neointimal formation after vascular injury. Sci. Rep. 6:26291. doi: 10.1038/
srep26291

Ashino, T., Yamamoto, M., Yoshida, T., and Numazawa, S. (2013). Redox-sensitive
transcription factor Nrf2 regulates vascular smooth muscle cell migration
and neointimal hyperplasia significance. Arterioscler. Thromb. Vasc. Biol. 33,
760–768. doi: 10.1161/ATVBAHA.112.300614

Becker, L. B. (2004). New concepts in reactive oxygen species and cardiovascular
reperfusion physiology. Cardiovasc. Res. 61, 461–470. doi: 10.1016/j.cardiores.
2003.10.025

Belizário, J. E., Faintuch, J., and Garay-Malpartida, M. (2018). Gut Microbiome
dysbiosis and immunometabolism: new frontiers for treatment of metabolic
diseases. Mediat. Inflamm. 2018:2037838. doi: 10.1155/2018/2037838

Bocci, V., Zanardi, I., Huijberts, M. S., and Travagli, V. (2014). An integrated
medical treatment for type-2 diabetes. Diabetes Metab. Syndr. 8, 57–61. doi:
10.1016/j.dsx.2013.10.004

Brown, D. I., and Griendling, K. K. (2015). Regulation of signal transduction by
reactive oxygen species in the cardiovascular system. Circ. Res. 116, 531–549.
doi: 10.1161/CIRCRESAHA.116.303584

Brownlee, M. (2001). Biochemistry and molecular cell biology of diabetic
complications. Nature 414, 813–820. doi: 10.1038/414813a

Burgoyne, J. R., Mongue-Din, H., Eaton, P., and Shah, A. M. (2012). Redox
signaling in cardiac physiology and pathology. Circ. Res. 111, 1091–1106. doi:
10.1161/CIRCRESAHA.111.255216

Canning, P., Sorrell, F. J., and Bullock, A. N. (2015). Structural basis of Keap1
interactions with Nrf2. Free Radic. Biol. Med. 88, 101–107. doi: 10.1016/j.
freeradbiomed.2015.05.034

Chartoumpekis, D. V., Ziros, P. G., Psyrogiannis, A. I., Papavassiliou, A. G.,
Kyriazopoulou, V. E., Sykiotis, G. P., et al. (2011). Nrf2 represses FGF21 during
long-term high-fat diet–induced obesity in mice. Diabetes 60, 2465–2473.
doi: 10.2337/db11-0112

Chen, X. L., Dodd, G., Thomas, S., Zhang, X., Wasserman, M. A., Rovin, B. H.,
et al. (2006). Activation of Nrf2/ARE pathway protects endothelial cells from
oxidant injury and inhibits inflammatory gene expression. Am. J. Physiol. Heart
Circ. Physiol. 290, H1862–H1870. doi: 10.1152/ajpheart.00651.2005

Cheng, C., Noordeloos, A. M., Jeney, V., Soares, M. P., Moll, F., Pasterkamp, G.,
et al. (2009). Heme oxygenase 1 determines atherosclerotic lesion
progression into a vulnerable plaque. Circulation 119, 3017–3027.
doi: 10.1161/CIRCULATIONAHA.108.808618

Cheng, F., Torzewski, M., Degreif, A., Rossmann, H., Canisius, A., and Lackner,
K. J. (2013). Impact of glutathione peroxidase-1 deficiency on macrophage
foam cell formation and proliferation: implications for atherogenesis. PLoS One
8:e72063. doi: 10.1371/journal.pone.0072063

Chin, M., Lee, C. Y. I., Chuang, J. C., Bumeister, R., Wigley, W. C., Sonis, S. T., et al.
(2013). Bardoxolone methyl analogs RTA 405 and dh404 are well tolerated and
exhibit efficacy in rodent models of type 2 diabetes and obesity. Am. J. Physiol.
Renal Physiol. 304, F1438–F1446. doi: 10.1152/ajprenal.00387.2012

Choi, S. H., Park, S., Oh, C. J., Leem, J., Park, K. G., and Lee, I. K. (2015).
Dipeptidyl peptidase-4 inhibition by gemigliptin prevents abnormal vascular
remodeling via NF-E2-related factor 2 activation. Vascul. Pharmacol. 73, 11–19.
doi: 10.1016/j.vph.2015.07.005

Collins, A. R., Gupte, A. A., Ji, R., Ramirez, M. R., Minze, L. J., Liu,
J. Z., et al. (2012). Myeloid deletion of nuclear factor erythroid 2-
related factor 2 increases atherosclerosis and liver injury. Arterioscler.
Thromb. Vasc. Biol. 32, 2839–2846. doi: 10.1161/ATVBAHA.112.30
0345

Costa, R. M., Alves-Lopes, R., Mestriner, F., and Tostes, R. (2017). Testosterone
downregulates the Nrf2 system and promotes vascular dysfunction in HFD-fed
mice. FASEB J. 31, (1_Suppl.), 837.18.

da Costa, R. M., Fais, R. S., Dechandt, C. R., Louzada-Junior, P., Alberici, L. C.,
Lobato, N. S., et al. (2017). Increased mitochondrial ROS generation mediates
the loss of the anti-contractile effects of perivascular adipose tissue in high-fat
diet obese mice. Br. J. Pharmacol. 174, 3527–3541. doi: 10.1111/bph.13687

da Costa, R. M., Neves, K. B., Mestriner, F. L., Louzada-Junior, P., Bruder-
Nascimento, T., and Tostes, R. C. (2016). TNF-α induces vascular insulin
resistance via positive modulation of PTEN and decreased Akt/eNOS/NO
signaling in high fat diet-fed mice. Cardiovasc. Diabetol. 15:119. doi: 10.1186/
s12933-016-0443-0

Dandona, P., Thusu, K., Cook, S., Snyder, B., Makowski, J., Armstrong, D., et al.
(1996). Oxidative damage to DNA in diabetes mellitus. Lancet 347, 444–445.
doi: 10.1016/S0140-6736(96)90013-6

David, J. A., Rifkin, W. J., Rabbani, P. S., and Ceradini, D. J. (2017). The
Nrf2/Keap1/ARE pathway and oxidative stress as a therapeutic target in type
II diabetes mellitus. J. Diabetes Res. 2017, 4826724. doi: 10.1155/2017/4826724

DeMarco, V. G., Johnson, M. S., Whaley-Connell, A. T., and Sowers, J. R. (2010).
Cytokine abnormalities in the etiology of the cardiometabolic syndrome. Curr.
Hypertens. Rep. 12, 93–98. doi: 10.1007/s11906-010-0095-5

Droge, W. (2002). Free radicals in the physiological control of cell function. Physiol.
Rev. 82, 47–95. doi: 10.1152/physrev.00018.2001

Duckers, H. J., Boehm, M., True, A. L., Yet, S. F., San, H., Park, J. L., et al. (2001).
Heme oxygenase-1 protects against vascular constriction and proliferation. Nat.
Med. 7:693. doi: 10.1038/89068

Feinberg, M. W., and Moore, K. J. (2016). MicroRNA regulation of atherosclerosis.
Circ. Res. 118, 703–720. doi: 10.1161/CIRCRESAHA.115.306300

Furukawa, M., and Xiong, Y. (2005). BTB protein Keap1 targets antioxidant
transcription factor Nrf2 for ubiquitination by the Cullin 3-Roc1 ligase. Mol.
Cell. Biol. 25, 162–171. doi: 10.1128/MCB.25.1.162-171.2005

Furukawa, S., Fujita, T., Shimabukuro, M., Iwaki, M., Yamada, Y., Nakajima, Y.,
et al. (2004). Increased oxidative stress in obesity and its impact on metabolic
syndrome. J. Clin. Invest. 114, 1752–1761. doi: 10.1172/JCI21625

Galley, J. C., and Straub, A. C. (2017). Redox control of vascular function.
Arterioscler. Thromb Vasc. Biol. 37, e178–e184. doi: 10.1161/ATVBAHA.117.
309945

Gao, S., Duan, X., Wang, X., Dong, D., Liu, D., Li, X., et al. (2013).
Curcumin attenuates arsenic-induced hepatic injuries and oxidative stress
in experimental mice through activation of Nrf2 pathway, promotion of
arsenic methylation and urinary excretion. Food Chem. Toxicol. 59, 739–747.
doi: 10.1016/j.fct.2013.07.032

Giacco, F., and Brownlee, M. (2010). Oxidative stress and diabetic complications.
Circ. Res. 107, 1058–1070. doi: 10.1161/CIRCRESAHA.110.223545

Guerrero-Hue, M., Farre-Alins, V., Palomino-Antolin, A., Parada, E.,
Rubio-Navarro, A., Egido, J., et al. (2017). Targeting Nrf2 in
protection against renal disease. Curr. Med. Chem. 24, 3583–3605.
doi: 10.2174/0929867324666170511120814

Hamilton, S. J., and Watts, G. F. (2013). Endothelial dysfunction in diabetes:
pathogenesis, significance, and treatment. Rev. Diabetes Stud. 10, 133–156.
doi: 10.1900/RDS.2013.10.133

Harada, N., Ito, K., Hosoya, T., Mimura, J., Maruyama, A., Noguchi, N., et al.
(2012). Nrf2 in bone marrow-derived cells positively contributes to the
advanced stage of atherosclerotic plaque formation. Free Radic. Biol. Med. 53,
2256–2262. doi: 10.1016/j.freeradbiomed.2012.10.001

Harrison, D., Griendling, K. K., Landmesser, U., Hornig, B., and Drexler, H.
(2003). Role of oxidative stress in atherosclerosis. Am. J. Cardiol. 91, 7–11.
doi: 10.1016/S0002-9149(02)03144-2

Hattori, R., Otani, H., Uchiyama, T., Imamura, H., Cui, J., Maulik, N., et al.
(2001). Src tyrosine kinase is the trigger but not the mediator of ischemic
preconditioning. Am. J. Physiol. Heart Circ. Physiol. 281, H1066–H1074. doi:
10.1152/ajpheart.2001.281.3.H1066

Frontiers in Pharmacology | www.frontiersin.org 9 April 2019 | Volume 10 | Article 382

https://doi.org/10.1016/j.apsb.2015.05.008
https://doi.org/10.1016/j.apsb.2015.05.008
https://doi.org/10.1016/j.atherosclerosis.2017.08.012
https://doi.org/10.1161/HYPERTENSIONAHA.116.07518
https://doi.org/10.1161/HYPERTENSIONAHA.116.07518
https://doi.org/10.1038/srep26291
https://doi.org/10.1038/srep26291
https://doi.org/10.1161/ATVBAHA.112.300614
https://doi.org/10.1016/j.cardiores.2003.10.025
https://doi.org/10.1016/j.cardiores.2003.10.025
https://doi.org/10.1155/2018/2037838
https://doi.org/10.1016/j.dsx.2013.10.004
https://doi.org/10.1016/j.dsx.2013.10.004
https://doi.org/10.1161/CIRCRESAHA.116.303584
https://doi.org/10.1038/414813a
https://doi.org/10.1161/CIRCRESAHA.111.255216
https://doi.org/10.1161/CIRCRESAHA.111.255216
https://doi.org/10.1016/j.freeradbiomed.2015.05.034
https://doi.org/10.1016/j.freeradbiomed.2015.05.034
https://doi.org/10.2337/db11-0112
https://doi.org/10.1152/ajpheart.00651.2005
https://doi.org/10.1161/CIRCULATIONAHA.108.808618
https://doi.org/10.1371/journal.pone.0072063
https://doi.org/10.1152/ajprenal.00387.2012
https://doi.org/10.1016/j.vph.2015.07.005
https://doi.org/10.1161/ATVBAHA.112.300345
https://doi.org/10.1161/ATVBAHA.112.300345
https://doi.org/10.1111/bph.13687
https://doi.org/10.1186/s12933-016-0443-0
https://doi.org/10.1186/s12933-016-0443-0
https://doi.org/10.1016/S0140-6736(96)90013-6
https://doi.org/10.1155/2017/4826724
https://doi.org/10.1007/s11906-010-0095-5
https://doi.org/10.1152/physrev.00018.2001
https://doi.org/10.1038/89068
https://doi.org/10.1161/CIRCRESAHA.115.306300
https://doi.org/10.1128/MCB.25.1.162-171.2005
https://doi.org/10.1172/JCI21625
https://doi.org/10.1161/ATVBAHA.117.309945
https://doi.org/10.1161/ATVBAHA.117.309945
https://doi.org/10.1016/j.fct.2013.07.032
https://doi.org/10.1161/CIRCRESAHA.110.223545
https://doi.org/10.2174/0929867324666170511120814
https://doi.org/10.1900/RDS.2013.10.133
https://doi.org/10.1016/j.freeradbiomed.2012.10.001
https://doi.org/10.1016/S0002-9149(02)03144-2
https://doi.org/10.1152/ajpheart.2001.281.3.H1066
https://doi.org/10.1152/ajpheart.2001.281.3.H1066
https://www.frontiersin.org/journals/pharmacology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/pharmacology#articles


fphar-10-00382 April 10, 2019 Time: 20:3 # 10

da Costa et al. Nrf2 in Metabolic Diseases

Huang, X., Ordemann, J., Müller, J. M., and Dubiel, W. (2012). The COP9
signalosome, cullin 3 and Keap1 supercomplex regulates CHOP stability and
adipogenesis. Biol. Open 1, 705–710. doi: 10.1242/bio.20121875

Hwang, A. R., Han, J. H., Lim, J. H., Kang, Y. J., and Woo, C. H. (2017). Fluvastatin
inhibits AGE-induced cell proliferation and migration via an ERK5-dependent
Nrf2 pathway in vascular smooth muscle cells. PLoS One 12:e0178278.
doi: 10.1371/journal.pone.0178278

Ichikawa, T., Li, J., Meyer, C. J., Janicki, J. S., Hannink, M., and Cui, T.
(2009). Dihydro-CDDO-trifluoroethyl amide (dh404), a novel Nrf2 activator,
suppresses oxidative stress in cardiomyocytes. PLoS One 4:e8391. doi: 10.1371/
journal.pone.0008391

Ishii, T., Itoh, K., Ruiz, E., Leake, D. S., Unoki, H., Yamamoto, M., et al. (2004).
Role of Nrf2 in the regulation of CD36 and stress protein expression in murine
macrophages: activation by oxidatively modified LDL and 4-hydroxynonenal.
Circ. Res. 94, 609–616. doi: 10.1161/01.RES.0000119171.44657.45

Itoh, K., Wakabayashi, N., Katoh, Y., Ishii, T., Igarashi, K., Engel, J. D., et al. (1999).
Keap1 represses nuclear activation of antioxidant responsive elements by Nrf2
through binding to the amino-terminal Neh2 domain. Genes Dev. 13, 76–86.
doi: 10.1101/gad.13.1.76

Jiao, Y., Watts, T., Xue, J., Hannafon, B., and Ding, W. Q. (2018). Sorafenib and
docosahexaenoic acid act in synergy to suppress cancer cell viability: a role of
heme oxygenase 1. BMC Cancer 18:1042. doi: 10.1186/s12885-018-4946-9

Jiménez-Osorio, A. S., Picazo, A., González-Reyes, S., Barrera-Oviedo, D.,
Rodríguez-Arellano, M. E., and Pedraza-Chaverri, J. (2014). Nrf2 and redox
status in prediabetic and diabetic patients. Int. J. Mol. Sci. 15, 20290–20305.
doi: 10.3390/ijms151120290

Jones, R. M., Desai, C., Darby, T. M., Luo, L., Wolfarth, A. A., Scharer, C. D.,
et al. (2015). Lactobacilli modulate epithelial cytoprotection through the Nrf2
pathway. Cell Rep. 12, 1217–1225. doi: 10.1016/j.celrep.2015.07.042

Jyrkkänen, H. K., Kansanen, E., Inkala, M., Kivelä, A. M., Hurttila, H., Heinonen,
S. E., et al. (2008). Nrf2 regulates antioxidant gene expression evoked by
oxidized phospholipids in endothelial cells and murine arteries in vivo. Circ
Res. 103, e1–e9. doi: 10.1161/CIRCRESAHA.108.176883

Kansanen, E., Kuosmanen, S. M., Leinonen, H., and Levonen, A. L. (2013). The
Keap1-Nrf2 pathway: mechanisms of activation and dysregulation in cancer.
Redox Biol. 1, 45–49. doi: 10.1016/j.redox.2012.10.001

Katoh, Y., Itoh, K., Yoshida, E., Miyagishi, M., Fukamizu, A., and Yamamoto, M.
(2001). Two domains of Nrf2 cooperatively bind CBP, a CREB binding protein,
and synergistically activate transcription. Genes Cells 6, 857–868. doi: 10.1046/
j.1365-2443.2001.00469.x

Keaney, J. F. Jr., Larson, M. G., Vasan, R. S., Wilson, P. W., Lipinska, I., Corey, D.,
et al. (2003). Obesity and systemic oxidative stress: clinical correlates of
oxidative stress in the Framingham Study. Arterioscler. Thromb. Vasc. Biol. 23,
434–439. doi: 10.1161/01.ATV.0000058402.34138.11

Kim, S. Y., Jeoung, N. H., Oh, C. J., Choi, Y. K., Lee, H. J., Kim,
H. J., et al. (2009). Activation of NAD (P) H: quinone oxidoreductase
1 prevents arterial restenosis by suppressing vascular smooth muscle cell
proliferation. Circ. Res. 104, 842–850. doi: 10.1161/CIRCRESAHA.108.18
9837

Knock, G. A., and Ward, J. P. (2011). Redox regulation of protein kinases as
a modulator of vascular function. Antioxid. Redox Signal. 15, 1531–1547.
doi: 10.1089/ars.2010.3614

Kobayashi, M., Itoh, K., Suzuki, T., Osanai, H., Nishikawa, K., Katoh, Y., et al.
(2002). Identification of the interactive interface and phylogenic conservation of
the Nrf2-Keap1 system. Genes Cells 7, 807–820. doi: 10.1046/j.1365-2443.2002.
00561.x

Koelwyn, G. J., Corr, E. M., Erbay, E., and Moore, K. J. (2018). Regulation of
macrophage immunometabolism in atherosclerosis. Nat. Immunol. 19, 526–
537. doi: 10.1038/s41590-018-0113-3

Kuosmanen, S. M., Kansanen, E., Kaikkonen, M. U., Sihvola, V., Pulkkinen, K.,
Jyrkkänen, H. K., et al. (2017). NRF2 regulates endothelial glycolysis and
proliferation with miR-93 and mediates the effects of oxidized phospholipids
on endothelial activation. Nucleic Acids Res. 46, 1124–1138. doi: 10.1093/nar/
gkx1155

Li, J., Ichikawa, T., Villacorta, L., Janicki, J. S., Brower, G. L., Yamamoto, M., et al.
(2009). Nrf2 protects against maladaptive cardiac responses to hemodynamic
stress. Arterioscler. Thromb Vasc. Biol. 29, 1843–1850. doi: 10.1161/ATVBAHA.
109.189480

Li, Y., Wang, X. L., Sun, X., Chai, Q., Li, J., Thompson, B., et al. (2017). Regulation
of vascular large-conductance calcium-activated potassium channels by Nrf2
signalling. Diabetes Vasc. Dis. Res. 14, 353–362. doi: 10.1177/1479164117703903

Liu, J., Wu, J., Sun, A., Sun, Y., Yu, X., Liu, N., et al. (2016). Hydrogen sulfide
decreases high glucose/palmitate-induced autophagy in endothelial cells by the
Nrf2-ROS-AMPK signaling pathway. Cell Biosci. 6:33. doi: 10.1186/s13578-
016-0099-1

Long, M., De La Vega, M. R., Wen, Q., Bharara, M., Jiang, T., Zhang, R., et al.
(2016). An essential role of NRF2 in diabetic wound healing. Diabetes 65,
780–793. doi: 10.2337/db15-0564

Lopes, R. A., Neves, K. B., Tostes, R. C., Montezano, A. C., and Touyz,
R. M. (2015). Downregulation of nuclear factor erythroid 2–related factor
and associated antioxidant genes contributes to redox-sensitive vascular
dysfunction in hypertension. Hypertension 66, 1240–1250. doi: 10.1161/
HYPERTENSIONAHA.115.06163

Lu, T., Sun, X., Li, Y., Chai, Q., Wang, X. L., and Lee, H. C. (2017). Role of
Nrf2 signaling in the regulation of vascular BK channel β1 subunit expression
and BK channel function in high-fat diet-induced diabetic mice. Diabetes 66,
2681–2690. doi: 10.2337/db17-0181

Lynch, S. V., and Pedersen, O. (2016). The human intestinal microbiome in health
and disease. N. Engl. J. Med. 375, 2369–2379. doi: 10.1056/NEJMra1600266

Maulik, N., Sasaki, H., and Galang, N. (1999). Differential regulation of apoptosis
by Ischemia-reperfusion and ischemic adaptation a. Ann. N. Y. Acad. Sci. 874,
401–411. doi: 10.1111/j.1749-6632.1999.tb09254.x

May, J. M., and Harrison, F. E. (2013). Role of vitamin C in the function of the
vascular endothelium. Antioxid. Redox Signal. 19, 2068–2083. doi: 10.1089/ars.
2013.5205

McMahon, M., Thomas, N., Itoh, K., Yamamoto, M., and Hayes, J. D. (2004).
Redox-regulated turnover of Nrf2 is determined by at least two separate
protein domains, the redox-sensitive Neh2 degron and the redox-insensitive
Neh6 degron. J. Biol. Chem. 279, 31556–31567. doi: 10.1074/jbc.M40306
1200

Mohler, J., Vani, K., Leung, S., and Epstein, A. (1991). Segmentally restricted,
cephalic expression of a leucine zipper gene during Drosophila embryogenesis.
Mech. Dev. 34, 3–9. doi: 10.1016/0925-4773(91)90086-L

Motohashi, H., O’Connor, T., Katsuoka, F., Engel, J. D., and Yamamoto, M. (2002).
Integration and diversity of the regulatory network composed of Maf and CNC
families of transcription factors. Gene 294, 1–12. doi: 10.1016/S0378-1119(02)
00788-6

Murota, K., Nakamura, Y., and Uehara, M. (2018). Flavonoid metabolism: the
interaction of metabolites and gut microbiota. Biosci. Biotechnol. Biochem. 82,
600–610. doi: 10.1080/09168451.2018.1444467

Neves, K. B., Nguyen Dinh Cat, A., Alves-Lopes, R., Harvey, K. Y., da Costa,
R. M., Lobato, N. S., et al. (2018). Chemerin receptor blockade improves
vascular function in diabetic obese mice via redox-sensitive-and Akt-dependent
pathways. Am. J. Physiol. Heart Circ. Physiol. 315, H1851–H1860. doi: 10.1152/
ajpheart.00285.2018

Nioi, P., Nguyen, T., Sherratt, P. J., and Pickett, C. B. (2005). The carboxy-terminal
Neh3 domain of Nrf2 is required for transcriptional activation. Mol. Cell. Biol.
25, 10895–10906. doi: 0.1128/MCB.25.24.10895-10906.2005

Orozco, L. D., Kapturczak, M. H., Barajas, B., Wang, X., Weinstein, M. M.,
Wong, J., et al. (2007). Heme oxygenase-1 expression in macrophages plays
a beneficial role in atherosclerosis. Circ. Res. 100, 1703–1711. doi: 10.1161/
CIRCRESAHA.107.151720

Otani, H. (2011). Oxidative stress as pathogenesis of cardiovascular risk associated
with metabolic syndrome. Antioxid. Redox Signal. 15, 1911–1926. doi: 10.1089/
ars.2010.3739

Oyake, T., Itoh, K., Motohashi, H., Hayashi, N., Hoshino, H., Nishizawa, M., et al.
(1996). Bach proteins belong to a novel family of BTB-basic leucine zipper
transcription factors that interact with MafK and regulate transcription through
the NF-E2 site. Mol. Cell. Biol. 16, 6083–6095. doi: 10.1128/MCB.16.11.6083

Papaharalambus, C. A., and Griendling, K. K. (2007). Basic mechanisms of
oxidative stress and reactive oxygen species in cardiovascular injury. Trends
Cardiovasc. Med. 17, 48–54. doi: 10.1016/j.tcm.2006.11.005

Paravicini, T. M., Chrissobolis, S., Drummond, G. R., and Sobey, C. G. (2004).
Increased NADPH-oxidase activity and Nox4 expression during chronic
hypertension is associated with enhanced cerebral vasodilatation to NADPH
in vivo. Stroke 35, 584–589. doi: 10.1161/01.STR.0000112974.37028.58

Frontiers in Pharmacology | www.frontiersin.org 10 April 2019 | Volume 10 | Article 382

https://doi.org/10.1242/bio.20121875
https://doi.org/10.1371/journal.pone.0178278
https://doi.org/10.1371/journal.pone.0008391
https://doi.org/10.1371/journal.pone.0008391
https://doi.org/10.1161/01.RES.0000119171.44657.45
https://doi.org/10.1101/gad.13.1.76
https://doi.org/10.1186/s12885-018-4946-9
https://doi.org/10.3390/ijms151120290
https://doi.org/10.1016/j.celrep.2015.07.042
https://doi.org/10.1161/CIRCRESAHA.108.176883
https://doi.org/10.1016/j.redox.2012.10.001
https://doi.org/10.1046/j.1365-2443.2001.00469.x
https://doi.org/10.1046/j.1365-2443.2001.00469.x
https://doi.org/10.1161/01.ATV.0000058402.34138.11
https://doi.org/10.1161/CIRCRESAHA.108.189837
https://doi.org/10.1161/CIRCRESAHA.108.189837
https://doi.org/10.1089/ars.2010.3614
https://doi.org/10.1046/j.1365-2443.2002.00561.x
https://doi.org/10.1046/j.1365-2443.2002.00561.x
https://doi.org/10.1038/s41590-018-0113-3
https://doi.org/10.1093/nar/gkx1155
https://doi.org/10.1093/nar/gkx1155
https://doi.org/10.1161/ATVBAHA.109.189480
https://doi.org/10.1161/ATVBAHA.109.189480
https://doi.org/10.1177/1479164117703903
https://doi.org/10.1186/s13578-016-0099-1
https://doi.org/10.1186/s13578-016-0099-1
https://doi.org/10.2337/db15-0564
https://doi.org/10.1161/HYPERTENSIONAHA.115.06163
https://doi.org/10.1161/HYPERTENSIONAHA.115.06163
https://doi.org/10.2337/db17-0181
https://doi.org/10.1056/NEJMra1600266
https://doi.org/10.1111/j.1749-6632.1999.tb09254.x
https://doi.org/10.1089/ars.2013.5205
https://doi.org/10.1089/ars.2013.5205
https://doi.org/10.1074/jbc.M403061200
https://doi.org/10.1074/jbc.M403061200
https://doi.org/10.1016/0925-4773(91)90086-L
https://doi.org/10.1016/S0378-1119(02)00788-6
https://doi.org/10.1016/S0378-1119(02)00788-6
https://doi.org/10.1080/09168451.2018.1444467
https://doi.org/10.1152/ajpheart.00285.2018
https://doi.org/10.1152/ajpheart.00285.2018
https://doi.org/0.1128/MCB.25.24.10895-10906.2005
https://doi.org/10.1161/CIRCRESAHA.107.151720
https://doi.org/10.1161/CIRCRESAHA.107.151720
https://doi.org/10.1089/ars.2010.3739
https://doi.org/10.1089/ars.2010.3739
https://doi.org/10.1128/MCB.16.11.6083
https://doi.org/10.1016/j.tcm.2006.11.005
https://doi.org/10.1161/01.STR.0000112974.37028.58
https://www.frontiersin.org/journals/pharmacology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/pharmacology#articles


fphar-10-00382 April 10, 2019 Time: 20:3 # 11

da Costa et al. Nrf2 in Metabolic Diseases

Pereira, A., Fernandes, R., Crisóstomo, J., Seiça, R. M., and Sena, C. M. (2017).
The Sulforaphane and pyridoxamine supplementation normalize endothelial
dysfunction associated with type 2 diabetes. Sci. Rep. 7:14357. doi: 10.1038/
s41598-017-14733-x

Pergola, P. E., Krauth, M., Huff, J. W., Ferguson, D. A., Ruiz, S., Meyer, C. J., et al.
(2011). Effect of bardoxolone methyl on kidney function in patients with T2D
and stage 3b–4 CKD. Am. J. Nephrol. 33, 469–476. doi: 10.1159/000327599

Pi, J., Leung, L., Xue, P., Wang, W., Hou, Y., Liu, D., et al. (2010). Deficiency in
the nuclear factor E2-related factor 2 transcription factor results in impaired
adipogenesis and protects against diet-induced obesity. J. Biol. Chem. 285,
9292–9300. doi: 10.1074/jbc.M109.093955

Raggi, P., Genest, J., Giles, J. T., Rayner, K. J., Dwivedi, G., Beanlands, R. S.,
et al. (2018). Role of inflammation in the pathogenesis of atherosclerosis
and therapeutic interventions. Atherosclerosis 276, 98–108. doi: 10.1016/j.
atherosclerosis.2018.07.014

Redón, J., Oliva, M. R., Tormos, C., Giner, V., Chaves, J., Iradi, A., et al. (2003).
Antioxidant activities and oxidative stress byproducts in human hypertension.
Hypertension 41, 1096–1101. doi: 10.1161/01.HYP.0000068370.21009.38

Rodriguez, R., and Redman, R. (2005). Balancing the generation and elimination
of reactive oxygen species. Proc. Natl. Acad. Sci. U.S.A. 102, 3175–3176.
doi: 10.1073/pnas.0500367102

Ryter, S. W., and Choi, A. M. (2005). Heme oxygenase-1: redox regulation of a
stress protein in lung and cell culture models. Antioxid. Redox Signal. 7, 80–91.
doi: 10.1089/ars.2005.7.80

Sampath, C., Rashid, M. R., Sang, S., and Ahmedna, M. (2017). Green tea
epigallocatechin 3-gallate alleviates hyperglycemia and reduces advanced
glycation end products via nrf2 pathway in mice with high fat diet-induced
obesity. Biomed. Pharmacother. 87, 73–81. doi: 10.1016/j.biopha.2016.12.082

Santhakumar, A. B., Bulmer, A. C., and Singh, I. (2014). A review of the
mechanisms and effectiveness of dietary polyphenols in reducing oxidative
stress and thrombotic risk. J. Hum. Nutr. Diet. 27, 1–21. doi: 10.1111/jhn.12177

Schrottmaier, W. C., Oskolkova, O. V., Schabbauer, G., and Afonyushkin, T. (2014).
MicroRNA miR-320a modulates induction of HO-1, GCLM and OKL38 by
oxidized phospholipids in endothelial cells. Atherosclerosis 235, 1–8. doi: 10.
1016/j.atherosclerosis.2014.03.026

Sharma, A., Rizky, L., Stefanovic, N., Tate, M., Ritchie, R. H., Ward, K. W.,
et al. (2017). The nuclear factor (erythroid-derived 2)-like 2 (Nrf2) activator
dh404 protects against diabetes-induced endothelial dysfunction. Cardiovasc.
Diabetol. 16:33. doi: 10.1186/s12933-017-0513-y

Shawky, N. M., Pichavaram, P., Shehatou, G. S., Suddek, G. M., Gameil, N. M., Jun,
J. Y., et al. (2016). Sulforaphane improves dysregulated metabolic profile and
inhibits leptin-induced VSMC proliferation: implications toward suppression
of neointima formation after arterial injury in western diet-fed obese mice.
J. Nutr. Biochem. 32, 73–84. doi: 10.1016/j.jnutbio.2016.01.009

Shin, S., Wakabayashi, J., Yates, M. S., Wakabayashi, N., Dolan, P. M., Aja, S.,
et al. (2009). Role of Nrf2 in prevention of high-fat diet-induced obesity by
synthetic triterpenoid CDDO-imidazolide. Eur. J. Pharmacol. 620, 138–144.
doi: 10.1016/j.ejphar.2009.08.022

Siti, H. N., Kamisah, Y., and Kamsiah, J. (2015). The role of oxidative stress,
antioxidants and vascular inflammation in cardiovascular disease (a review).
Vascul. Pharmacol. 71, 40–56. doi: 10.1016/j.vph.2015.03.005

Sitia, S., Tomasoni, L., Atzeni, F., Ambrosio, G., Cordiano, C., Catapano, A., et al.
(2010). From endothelial dysfunction to atherosclerosis. Autoimmun. Rev. 9,
830–834. doi: 10.1016/j.autrev.2010.07.016

Slocum, S. L., Skoko, J. J., Wakabayashi, N., Aja, S., Yamamoto, M., Kensler,
T. W., et al. (2016). Keap1/Nrf2 pathway activation leads to a repressed hepatic
gluconeogenic and lipogenic program in mice on a high-fat diet. Arch. Biochem.
Biophys. 591, 57–65. doi: 10.1016/j.abb.2015

Sowers, J. R., Whaley-Connell, A., and Hayden, M. R. (2011). The role of
overweight and obesity in the cardiorenal syndrome. Cardiorenal Med. 1, 5–12.
doi: 10.1159/000322822

Steinberg, S. F. (2013). Oxidative stress and sarcomeric proteins. Circ. Res. 112,
393–405. doi: 10.1161/CIRCRESAHA.111.300496

Tabit, C. E., Chung, W. B., Hamburg, N. M., and Vita, J. A. (2010).
Endothelial dysfunction in diabetes mellitus: molecular mechanisms and
clinical implications. Rev. Endocr. Metab. Disord. 11, 61–74. doi: 10.1007/
s11154-010-9134-4

Tan, S. M., Sharma, A., Stefanovic, N., Yuen, D. Y., Karagiannis, T. C., Meyer, C.,
et al. (2014). A derivative of bardoxolone methyl, dh404, in an inverse dose-
dependent manner, lessens diabetes-associated atherosclerosis and improves
diabetic kidney disease. Diabetes 63, 3091–3103. doi: 10.2337/db13-1743

Tanaka, Y., Aleksunes, L. M., Yeager, R. L., Gyamfi, M. A., Esterly, N., Guo, G. L.,
et al. (2008). NF-E2-related factor 2 inhibits lipid accumulation and oxidative
stress in mice fed a high-fat diet. J. Pharmacol. Exp. Ther. 325, 655–664. doi:
10.1124/jpet.107.135822

Tebay, L. E., Robertson, H., Durant, S. T., Vitale, S. R., Penning, T. M.,
Dinkova-Kostova, A. T., et al. (2015). Mechanisms of activation of the
transcription factor Nrf2 by redox stressors, nutrient cues, and energy
status and the pathways through which it attenuates degenerative disease.
Free Radic. Biol. Med. 88, 108–146. doi: 10.1016/j.freeradbiomed.2015.
06.021

Thannickal, V. J., and Fanburg, B. L. (2000). Reactive oxygen species in cell
signaling. Am. J. Physiol. Lung Cell. Mol. Physiol. 279, L1005–L1028. doi: 10.
1152/ajplung.2000.279.6.L1005

Tong, Y. H., Zhang, B., Fan, Y., and Lin, N. M. (2015). Keap1–Nrf2 pathway: a
promising target towards lung cancer prevention and therapeutics. Chronic Dis.
Transl. Med. 1, 175–186. doi: 10.1016/j.cdtm.2015.09.002

Touyz, R. M., Anagnostopoulou, A., Camargo, L., Rios, F., and Montezano, A.
(2018). Vascular biology of superoxide-generating NADPH oxidase 5 (Nox5)-
implications in hypertension and cardiovascular disease. Antioxid. Redox
Signal. 30, 1027–1040. doi: 10.1089/ars.2018.7583

Touyz, R. M., and Briones, A. M. (2011). Reactive oxygen species and vascular
biology: implications in human hypertension. Hypertens. Res. 34, 5–14.
doi: 10.1038/hr.2010.201

Uruno, A., Furusawa, Y., Yagishita, Y., Fukutomi, T., Muramatsu, H., Negishi, T.,
et al. (2013). The Keap1-Nrf2 system prevents onset of diabetes mellitus. Mol.
Cell. Biol. 33, 2996–3010. doi: 10.1128/MCB.00225-13

Uruno, A., Yagishita, Y., and Yamamoto, M. (2015). The Keap1–Nrf2 system and
diabetes mellitus. Arch. Biochem. Biophys. 566, 76–84. doi: 10.1016/j.abb.2014.
12.012

Wang, H., Liu, K., Geng, M., Gao, P., Wu, X., Hai, Y., et al. (2013). RXRα inhibits
the NRF2-ARE signalling pathway through a direct interaction with the Neh7
domain of NRF2. Cancer Res. 73, 3097–3108. doi: 10.1158/0008-5472.CAN-12-
3386

Wang, S., Wang, B., Wang, Y., Tong, Q., Liu, Q., Sun, J., et al. (2017). Zinc prevents
the development of diabetic cardiomyopathy in db/db mice. Int. J. Mol. Sci.
18:E580. doi: 10.3390/ijms18030580

Wang, Y., Zhang, Z., Sun, W., Tan, Y., Liu, Y., Zheng, Y., et al. (2014). Sulforaphane
attenuation of type 2 diabetes-induced aortic damage was associated with
the upregulation of Nrf2 expression and function. Oxid. Med. Cell. Longev.
2014:123963. doi: 10.1155/2014/123963

Wu, Q. Q., Wang, Y., Senitko, M., Meyer, C., Wigley, W. C., Ferguson, D. A., et al.
(2011). Bardoxolone methyl (BARD) ameliorates ischemic AKI and increases
expression of protective genes Nrf2, PPARγ, and HO-1. Am. J. Physiol. Renal
Physiol. 300, F1180–F1192. doi: 10.1152/ajprenal.00353.2010

Xia, Z., Liu, M., Wu, Y., Sharma, V., Luo, T., Ouyang, J., et al. (2006).
N-acetylcysteine attenuates TNF-α-induced human vascular endothelial cell
apoptosis and restores eNOS expression. Eur. J. Pharmacol. 550, 134–142.
doi: 10.1016/j.ejphar.2006.08.044

Xu, J., Donepudi, A. C., More, V. R., Kulkarni, S. R., Li, L., Guo, L., et al.
(2015). Deficiency in N rf2 transcription factor decreases adipose tissue mass
and hepatic lipid accumulation in leptin-deficient mice. Obesity 23, 335–344.
doi: 10.1002/oby.20929

Xu, M., Li, X. X., Wang, L., Wang, M., Zhang, Y., and Li, P. L. (2015). Contribution
of Nrf2 to atherogenic phenotype switching of coronary arterial smooth muscle
cells lacking CD38 gene. Cell Physiol. Biochem. 37, 432–444. doi: 10.1159/
000430366

Xu, J., Kulkarni, S. R., Donepudi, A. C., More, V. R., and Slitt, A. L. (2012).
Enhanced Nrf2 activity worsens insulin resistance, impairs lipid accumulation
in adipose tissue, and increases hepatic steatosis in leptin-deficient mice.
Diabetes 61, 3208–3218. doi: 10.2337/db11-1716

Xue, P., Hou, Y., Chen, Y., Yang, B., Fu, J., Zheng, H., et al. (2013). Adipose
deficiency of Nrf2 in ob/ob mice results in severe metabolic syndrome. Diabetes
62, 845–854. doi: 10.2337/db12-0584

Frontiers in Pharmacology | www.frontiersin.org 11 April 2019 | Volume 10 | Article 382

https://doi.org/10.1038/s41598-017-14733-x
https://doi.org/10.1038/s41598-017-14733-x
https://doi.org/10.1159/000327599
https://doi.org/10.1074/jbc.M109.093955
https://doi.org/10.1016/j.atherosclerosis.2018.07.014
https://doi.org/10.1016/j.atherosclerosis.2018.07.014
https://doi.org/10.1161/01.HYP.0000068370.21009.38
https://doi.org/10.1073/pnas.0500367102
https://doi.org/10.1089/ars.2005.7.80
https://doi.org/10.1016/j.biopha.2016.12.082
https://doi.org/10.1111/jhn.12177
https://doi.org/10.1016/j.atherosclerosis.2014.03.026
https://doi.org/10.1016/j.atherosclerosis.2014.03.026
https://doi.org/10.1186/s12933-017-0513-y
https://doi.org/10.1016/j.jnutbio.2016.01.009
https://doi.org/10.1016/j.ejphar.2009.08.022
https://doi.org/10.1016/j.vph.2015.03.005
https://doi.org/10.1016/j.autrev.2010.07.016
https://doi.org/10.1016/j.abb.2015
https://doi.org/10.1159/000322822
https://doi.org/10.1161/CIRCRESAHA.111.300496
https://doi.org/10.1007/s11154-010-9134-4
https://doi.org/10.1007/s11154-010-9134-4
https://doi.org/10.2337/db13-1743
https://doi.org/10.1124/jpet.107.135822
https://doi.org/10.1124/jpet.107.135822
https://doi.org/10.1016/j.freeradbiomed.2015.06.021
https://doi.org/10.1016/j.freeradbiomed.2015.06.021
https://doi.org/10.1152/ajplung.2000.279.6.L1005
https://doi.org/10.1152/ajplung.2000.279.6.L1005
https://doi.org/10.1016/j.cdtm.2015.09.002
https://doi.org/10.1089/ars.2018.7583
https://doi.org/10.1038/hr.2010.201
https://doi.org/10.1128/MCB.00225-13
https://doi.org/10.1016/j.abb.2014.12.012
https://doi.org/10.1016/j.abb.2014.12.012
https://doi.org/10.1158/0008-5472.CAN-12-3386
https://doi.org/10.1158/0008-5472.CAN-12-3386
https://doi.org/10.3390/ijms18030580
https://doi.org/10.1155/2014/123963
https://doi.org/10.1152/ajprenal.00353.2010
https://doi.org/10.1016/j.ejphar.2006.08.044
https://doi.org/10.1002/oby.20929
https://doi.org/10.1159/000430366
https://doi.org/10.1159/000430366
https://doi.org/10.2337/db11-1716
https://doi.org/10.2337/db12-0584
https://www.frontiersin.org/journals/pharmacology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/pharmacology#articles


fphar-10-00382 April 10, 2019 Time: 20:3 # 12

da Costa et al. Nrf2 in Metabolic Diseases

Yagishita, Y., Fukutomi, T., Sugawara, A., Kawamura, H., Takahashi, T., Pi, J., et al.
(2014). Nrf2 protects pancreatic β-cells from oxidative and nitrosative stress in
diabetic model mice. Diabetes 63, 605–618. doi: 10.2337/db13-0909

Yahagi, K., Kolodgie, F. D., Otsuka, F., Finn, A. V., Davis, H. R., Joner, M.,
et al. (2016). Pathophysiology of native coronary, vein graft, and in-stent
atherosclerosis. Nat. Rev. Cardiol. 13, 79–98. doi: 10.1038/nrcardio.2015.164

Yet, S. F., Layne, M. D., Liu, X., Chen, Y. H., Ith, B., Sibinga, N. E., et al. (2003).
Absence of heme oxygenase-1 exacerbates atherosclerotic lesion formation and
vascular remodeling. FASEB J. 17, 1759–1761. doi: 10.1096/fj.03-0187fje

Youn, J. Y., Gao, L., and Cai, H. (2012). The p47phox-and NADPH
oxidase organiser 1 (NOXO1)-dependent activation of NADPH oxidase 1
(NOX1) mediates endothelial nitric oxide synthase (eNOS) uncoupling and
endothelial dysfunction in a streptozotocin-induced murine model of diabetes.
Diabetologia 55, 2069–2079. doi: 10.1007/s00125-012-2557-6

Yu, Z., Shao, W., Chiang, Y., Foltz, W., Zhang, Z., Ling, W., et al. (2011). Erratum
to: oltipraz upregulates the nuclear factor (erythroid-derived 2)-like 2 (NRF2)
antioxidant system and prevents insulin resistance and obesity induced by a
high-fat diet in C57BL/6J mice. Diabetologia 54, 989–989. doi: 10.1007/s00125-
010-2001-8

Zakkar, M., Van der Heiden, K., Luong, L. A., Chaudhury, H., Cuhlmann, S.,
Hamdulay, S. S., et al. (2009). Activation of Nrf2 in endothelial cells protects
arteries from exhibiting a proinflammatory state. Arterioscler. Thromb. Vasc.
Biol. 29, 1851–1857. doi: 10.1161/ATVBAHA.109.193375

Zeng, C., Zhong, P., Zhao, Y., Kanchana, K., Zhang, Y., Khan, Z. A., et al. (2015).
Curcumin protects hearts from FFA-induced injury by activating Nrf2 and
inactivating NF-κB both in vitro and in vivo. J. Mol. Cell. Cardiol. 79, 1–12.
doi: 10.1016/j.yjmcc.2014.10.002

Zhang, H. P., Zheng, F. L., Zhao, J. H., Guo, D. X., and Chen,
X. L. (2013). Genistein inhibits ox-LDL-induced VCAM-1,
ICAM-1 and MCP-1 expression of HUVECs through heme
oxygenase-1. Arch. Med. Res. 44, 13–20. doi: 10.1016/j.arcmed.2012.
12.001

Zhang, L., Dasuri, K., Fernandez-Kim, S. O., Bruce-Keller, A. J., and Keller, J. N.
(2016). Adipose-specific ablation of Nrf2 transiently delayed high-fat diet-
induced obesity by altering glucose, lipid and energy metabolism of male mice.
Am. J. Transl. Res. 8, 5309–5319.

Zheng, L., Wei, H., Yu, H., Xing, Q., Zou, Y., and Zhou, Y.
(2018). Fish skin gelatin hydrolysate production by ginger powder
induces glutathione synthesis to prevent hydrogen peroxide
induced intestinal oxidative stress via the Pept1-p62-Nrf2 Cascade.
J. Agric. Food Chem. 66, 11601–11611. doi: 10.1021/acs.jafc.8b0
2840

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2019 da Costa, Rodrigues, Pereira, Silva, Alves, Lobato and Tostes.
This is an open-access article distributed under the terms of the Creative Commons
Attribution License (CC BY). The use, distribution or reproduction in other forums
is permitted, provided the original author(s) and the copyright owner(s) are credited
and that the original publication in this journal is cited, in accordance with accepted
academic practice. No use, distribution or reproduction is permitted which does not
comply with these terms.

Frontiers in Pharmacology | www.frontiersin.org 12 April 2019 | Volume 10 | Article 382

https://doi.org/10.2337/db13-0909
https://doi.org/10.1038/nrcardio.2015.164
https://doi.org/10.1096/fj.03-0187fje
https://doi.org/10.1007/s00125-012-2557-6
https://doi.org/10.1007/s00125-010-2001-8
https://doi.org/10.1007/s00125-010-2001-8
https://doi.org/10.1161/ATVBAHA.109.193375
https://doi.org/10.1016/j.yjmcc.2014.10.002
https://doi.org/10.1016/j.arcmed.2012.12.001
https://doi.org/10.1016/j.arcmed.2012.12.001
https://doi.org/10.1021/acs.jafc.8b02840
https://doi.org/10.1021/acs.jafc.8b02840
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/pharmacology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/pharmacology#articles

	Nrf2 as a Potential Mediator of Cardiovascular Risk in Metabolic Diseases
	Overview of Reactive Oxygen Species and Cardiovascular Function
	Nrf2 Activity and Regulation
	Nrf2 and Obesity
	Nrf2 and Type 2 Diabetes Mellitus
	Nrf2 and Atherosclerosis
	Conclusion
	Author Contributions
	Funding
	References


