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The transcription factor Nrf2 is a master regulator of multiple cytoprotective genes that maintain redox homeostasis
and exert anti-inflammatory functions. The Nrf2-Keap1l signaling pathway is a paramount target of many
cardioprotective strategies, because redox homeostasis is essential in cardiovascular health. Nrf2 gene variations,
including single nucleotide polymorphisms (SNPs), are correlated with cardiometabolic diseases and drug
responses. SNPs of Nrf2, KEAP1, and other related genes can impair the transcriptional activation or the activity of

the resulting protein, exerting differential susceptibility to cardiometabolic disease progression and prevalence.

redox control Nrf2 single nucleotide polymorphisms cardiometabolic diseases

| 1. Introduction

Worldwide cardiometabolic diseases-related deaths have been increasing over the last decades, representing a
big concern . As cardiometabolic diseases lead to unbalance of redox homeostasis and enhanced oxidative
stress (for a recent comprehensive review, see [2)), different antioxidant therapies have been evaluated to prevent
and treat such diseases. Although some of these have been designed to induce the nuclear factor erythroid 2-
related factor 2 (Nrf2)-driven antioxidant response &, their efficacy in the clinic has not been clearly established,
giving rise to the possibility of the participation of other regulatory elements in the Nrf2-signaling cascade. In this
regard, multiple single nucleotide polymorphisms (SNPs) have been found in the Nrf2 gene . Overall, SNPs of
the Nrf2 gene induce changes in Nrf2 activation, which can lead to the impairment of the endogenous antioxidant
system, contributing to chronic inflammation and other detrimental effects . Indeed, several polymorphisms of

Nrf2 have been associated with cardiometabolic diseases progression €,

2. The Role of Nrf2 to Maintain Redox Homeostasis in
Cardiometabolic Diseases

A common feature of cardiometabolic diseases is the imbalance between pro- and anti-oxidative factors in the cell.
Such condition is associated with high levels of reactive oxygen species (ROS) and reactive nitrogen species
(RNS) that react with lipids, proteins, DNA, or activate redox signaling pathways, leading to cellular injury and
death. Disruption of the redox homeostasis is associated with poor cardiac contractility related to reduced sarco-
endoplasmic reticulum Ca2*-ATPase (SERCA2A) activity [, but also with mitochondrial damage. Mitochondria are

the primary ROS producers and, at the same time, are the first exposed in front line due to their deleterious action,
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resulting in further mitochondrial dysfunction and a vicious cycle of ROS generation. Impairment of the
mitochondrial function and increased rates of fatty acid -oxidation promote the accumulation of incomplete (-
oxidation products, which, in combination with oxidative stress, contribute to insulin resistance in cardiometabolic

diseases (8],

In cardiometabolic diseases, among the antioxidant molecules regulated by Nrf2 are catalase (CAT), superoxide
dismutase (SOD), glutathione S-transferases (GST), glutathione peroxidases (GPx), heme-oxygenase 1 (HMOX-
1), thioredoxin (TXN), thioredoxin reductases, peroxiredoxins (Prdx), and NAD(P)H quinone oxidoreductase-1
(NQO1) BIOILLILZ (Figure 1A). Besides the antioxidant response regulation, Nrf2 also modulates a myriad of
genes related to other cellular processes. For instance, it is known that Nrf2 regulates the expression of Notchl
and downstream genes, which collectively coordinate signals that affect differentiation, proliferation, and apoptotic
events 131 Moreover, it was demonstrated by chromatin immunoprecipitation that Nrf2 binds directly to an
antioxidant response elements (ARE) region in the aryl hydrocarbon receptor (AHR) promoter 24, AHR increased
in pig myocardium after ischemia-reperfusion damage and diminished upon administration of natural flavone

baicalin 1% and sulforaphane 18! in association with lesser cardiac injury and inflammation.
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Figure 1. Function and structure of Nrf2. (A) Under oxidative stress, Nrf2 dissociates from Keapl, to be
translocated to the nucleus where heterodimerizes with the sMAF proteins for recognition of ARE within several
genes to induce their expression. (B) Nrf2 consists of seven domains named Nehl to 7, which allow specific
interaction for its regulation. ARE, antioxidant response elements; B-TrCP, beta-transducin repeat-containing
protein; Brgl, Brahma-related gene 1; CBP, CREB binding protein; CDH6, chromo-ATPase/helicase DNA binding
protein 6; GPX, glutathione peroxidase; GST, glutathione-S-transferase (GST); HO-1, heme-oxygenase 1; Keapl,
Kelch-like ECH-associated protein 1; NQO1, NAD(P)H quinone oxidoreductase 1; Neh, Nrf2-ECH homology; Nrf2,
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nuclear factor erythroid 2-related factor 2; Prdx, peroxiredoxins; RXRaq, retinoid X receptor alpha; SOD, superoxide
dismutase; sMAF, small musculoaponeurotic fibrosarcoma. Figure created with BioRender at biorender.com

(accessed on 10 February 2022).

Nrf2 Structure and Regulatory Mechanisms

Nrf2 belongs to the cap‘n’ collar (CNC) subfamily of the basic leucine zipper (bZip) transcription factors 7, Nrf2
contains seven domains (Figure 1B) named Nrf2-ECH homology (Neh) 1 to 7 1813 Among Neh domains, Neh1
and Neh2 have the most recognizable roles in Nrf2 function and regulation. Neh2 domain is located at the amino-
terminal and has ETGE and DLG motifs that interact with Kelch-like ECH-associated protein 1 (Keapl), the well-
known negative regulator of Nrf2 29 Neh4 and Neh5 are two domains that allow Nrf2 interaction with other
proteins such as co-activators [21[221123124] \yhereas Neh5 possesses a nuclear export signal (NES) sensitive to
oxidation (22, Neh7 and Neh6 domains act as negative regulators, and Neh7 interacts with the retinoic X receptor
alpha (RXRa) to repress Nrf2 transcriptional activity. In fact, RXRa competes with Nrf2 for binding to the ARE
sequence 19, On the other hand, Neh6 interacts with beta-transducin repeat-containing protein (B-TrCP) to
promote Nrf2 ubiquitination and consequent degradation 281271, Neh1 domain located near the C-terminal region
harbors a basic leucine zipper motif, which binds to ARE sequences within target genes. Nehl also interacts with
small musculoaponeurotic fibrosarcoma (sSMAF) proteins favoring the transcription of antioxidant genes. In addition,
Nehl acetylation enhances the transcriptional activity of Nrf2 [2829 The Neh3 domain in the C-terminal region

interacts with chromo-ATPase/helicase DNA binding protein 6 (CDHB), essential for Nrf2 transcriptional activity B9,

Under homeostatic conditions, Nrf2 is maintained at low levels due to constant proteasomal degradation. The
degradation process occurs through the interaction of the ETGE and DLG motifs within the Nrf2 Neh2 domain with
a Keapl homodimer 29, Keap1 acts as an adaptor for an E3 ubiquitin ligase complex that contains cullin 3 (CUL3)
and ring box-1 (Rbx) B, which catalyze the ubiquitination of lysine residues located between ETGE and DLG
motifs 221331 to induce Nrf2 degradation through the ubiquitin proteasomal system (UPS). Interestingly, Nrf2 also
promotes CUL3 and Rbx expression as negative feedback B4, Another mechanism that induces Nrf2 degradation
via UPS is Neh6 phosphorylation by glycogen synthase kinase 3 (GSK-3); this promotes the binding of B-TrCP,
which acts as a substrate for the Skp1—Cullin—F-box protein complex (SFC), another E3 ubiquitin ligase complex
(Figure 2A) 33l Of note, the levels of GSK-3 increase in experimental models of obesity, diabetes, and associated

cardiovascular diseases [36l[37](38]
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Figure 2. Regulatory mechanisms of Nrf2. (A) For Nrf2 regulation at protein level, Nrf2 is ubiquitinated (Ub) for its
proteasomal degradation through Keapl-dependent and B-TrCP-dependent mechanisms. (B) For Nrf2 activation,
the canonical pathway involves the chemical modification of Keapl cysteines (Cys) that elicits the release of Nrf2
for its nuclear translocation. Additionally, phosphorylation (P) by cytosolic kinases promotes Nrf2 activation. AMPK,
AMP-activated protein kinase; B-TrCP, beta-transducin repeat-containing protein; CK2, casein kinase 2; Cul3, cullin
3; GSK-3, glycogen synthase kinase 3; Keapl, kelch-like ECH-associated protein 1; Nrf2, nuclear factor erythroid
2-related factor 2; PKC, protein kinase C; Rbx, ring box-1; ROS, reactive oxygen species; SFC, Skp1-Cullin—F-box

protein complex. Figure created with BioRender at biorender.com (accessed on 10 February 2022).

During oxidative stress, ROS can react with Keapl cysteine residues modifying the Keapl homodimer structure,
allowing Nrf2 release. Hence, Keapl also acts as a sensor of redox homeostasis [22149[41142]143] Once Nrf2 is
released from the Keapl/Cul3/Rbx complex, nuclear localization signals (NLS) are exposed for importins
recognition to elicit Nrf2 nuclear translocation 24l After heterodimerization with SMAF, Nrf2 induces the expression
of antioxidant response-related genes [43. Another potential mechanism for Nrf2 activation involves its
phosphorylation by several kinases. Protein kinase C (PKC) phosphorylates Nrf2 at serine 40 of the Neh2 domain,
inducing its nuclear translocation 8!, Casein kinase 2 (CK2) can phosphorylate Neh4 and Neh5 transactivation
domains, enhancing Nrf2 transcriptional activity [47; in addition, CK2 phosphorylates AMP-activated protein kinase
(AMPK) [481 \which, in turn, phosphorylate serine residue 558 to increase Nrf2 nuclear accumulation 42, and serine
residues 374, 408, 433 to increase its transcriptional activity 9. The regulatory mechanisms of Nrf2 are depicted

in Figure 2.
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