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The transcription factor Nrf2 (nuclear factor [erythroid-derived 2]-like 2) is of major importance as the defense

instrument against OS and alters anti-inflammatory activities related to different pathological states.

Nrf2 activation autoimmune diseases inflammation autoimmunity

| 1. Introduction

Under normal conditions, the immune system protects and guards the body against attacks and infections, which
are possible sources of diseases and syndromes. However, if the complex immune system regulatory network
breaks down, it misguidedly attacks healthy cells, tissues, and organs. The malfunctioning of the immune system
may result in attacks on any part of the body, weakening bodily functions and sometimes turning life-threatening 1.
Oxidative stress (OS) is described as a modification in the redox state [& and the production of free radicals in cells
in response to an environment of inherited traits. The immunological progression in cells may promote OS and,
furthermore, the accumulation of OS worsens the pathophysiology of the disorder Bl. The over-creation of both
reactive oxygen (ROS) and nitrogen (RNS) species has been associated with numerous autoimmune disorders 41,
Among the enzymes in human cells that are mainly involved in the production/bioavailability of radical species,
those that are particularly relevant are NADPH oxidases (NOXs), mitochondrial electron transport chain
complexes, nitric oxide synthases (NOSs), xhantine oxidases (XOs), and the hydrogen sulfide-producing enzymes
cystathionine-B-synthase and cystathionine-y-lyase . ROS can actively influence both innate and adaptive
immunity by regulating the response of its components at different levels, such as antigen production and apoptotic
cell clearance 8. The chemical and post-translational alterations of proteins that occur in a pro-oxidant
environment may occasionally promote the formation of “neoepitopes”, which are recognized as “foreign” by the
immune system and trigger the development of autoantibodies, which are made against substances formed by a

person’s own body.

The Kelch-like ECH-associated protein 1-nuclear factor (erythroid-derived 2)-like 2 (KEAP1-Nrf2) structure has a
significant role in antioxidant reactions, and associates to protect cells from numerous redox instabilities &l The
Nrf2 protein in humans is 605 amino acids long and possesses seven highly conserved areas known as Nrf2-ECH
homology (Neh) domains (Figure 1). Nehl includes the CNC-bZIP domain, which moderates heterodimerization

with Maf &, The Neh2 domain has two degrons that are, in particular, attached by Keap1.
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Figure 1. Domain architecture of the Keapl and Nrf2 proteins. Domain boundaries and residue numbers are

shown for human proteins 19,

Normally, Nrf2 is controlled by KEAP1. Once cells are affected by antioxidants, Nrf2 migrates into the nucleus and
increases the expression of many of the genes that encode antioxidant proteins and detoxifying enzymes 1. Nrf2
is known to be a fundamental controller of cellular defense, inflammation, and redox balance renewal 2. Nrf2
controls the expression of over 200 genes, which are included in the promoter area called the antioxidant response
element (ARE). The genes controlled by Nrf2 encode enzymes that contribute to endobiotic/xenobiotic metabolism,

OS/inflammatory reactions, carbohydrate/lipid metabolism, and protein degradation 21141,

In the course of OS, ROS interacts with the cysteine amino acid on Keapl, which modifies the formation of the
Keap1-Nrf2 compound and, thus, escapes the degradation of Nrf2 13, For this reason, freshly gathered Nrf2
proteins gather in the cytoplasm and are then transferred to the nucleus, where the Nrf2 binds to the ARE. This
supports the transcription of numerous target genes, like the detoxifying enzymes heme oxygenase (Hmox1),
NAD(P)H dehydrogenase 1 (Ngol), and sulfiredoxin 1 (Srxnl); the xenobiotic metabolizing enzymes; as well as
the genes taking part in glutathione (GSH) production, such as glutathione reductase (GSR) and glutamate—
cysteine ligase modifier (GCLM) 18],

The regulation of Nrf2 primarily occurs through the managed maintenance of Nrf2 protein levels. There are three
E3 ubiquitin ligase complexes that are responsible for the ubiquitylation and degradation of Nrf2: the CUL3-RBX1-
KEAP1 complex, the SCF/B-TrCP complex, and HRD1. Each of them mediates the degradation of Nrf2 in response
to various stimuli in specific subcellular compartments. The CUL3-RBX1-KEAP1 complex responds to
electrophilic/oxidative stress in the cytosol. The nuclear or cytosolic SCF/B-TrCP complex is more susceptible to
metabolic shifts and is regulated by GSK3-3. HRDL1 is localized to the ER and has only been shown to ubquitylate
Nrf2 during ER stress 17 |t is essential to state that other signaling paths, epigenetic factors, and post-
translational modifications also regulate Nrf2. Similarly, the activation or inhibition of the Nrf2 path can be achieved

by targeting the negative regulation of Nrf2 (Figure 2).
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Figure 2. Regulation of NRF2 and possible modes of activation 18,

The molecular activation and cytoprotective activity of the KEAP1-NRF2 route comprise

interlinked elements:

(a) The chemical inducers of NRF2 activity (e.g., tBHQ, CDDO-Im, and TBE-31 19]) (Table 1);

Table 1. Inducers of Nrf2 activity 29

Inducer

Endogenous signaling compounds/metabolites

Oncometabolites

Immunometabolite

Dietary compounds

Pharmaceuticals

Example

H,>0,

&

Electrophiles/ROS
ETGE-proteins

Protein-protein
interaction inhibitors

p62/SQSTM1
mTOR inhibitors
CRL inhibitors

KEAP1 promoter
hypermethylation

four separate but

Lipid peroxidation products

Nitric oxide
8-Nitro-cGMP
Hydrogen sulfide
Methylglyoxal

Fumarate
Succinylacetone

Itaconate

Sulforaphane
Curcumin

Dimethyl fumarate
Bardoxylone
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Inducer Example

Bacteria/lipopolysaccharide
Microorganisms Marburg virus
Plasmodium infection

Heat

Laminar flow
UVA radiation
Exercise

Extracellular inducers

(b)KEAP1, the protein sensor of these inducers;
(c) The transcription factor NRF2, which regulates the transcriptional response to inducers and oxidative stress;
(d)The target genes that supply the cytoprotective output of the path 29

There is a developing theme in the Nrf2 area that targeting Nrf2 in disorder is both context and time-dependent.
Harnessing the advantageous outcomes of pharmacological activation of Nrf2 is an essential part of Nrf2-based
chemoprevention and intervention in other chronic illnesses, such as neurodegeneration, diabetes, cardiovascular
disease, autoimmune diseases, and chronic kidney and liver disease. Nevertheless, a growing number of
investigations have indicated that Nrf2 is already elevated in specific cancer and disease steps, suggesting that
pharmacological agents developed to mitigate the potentially destructive or transformative results associated with
protracted activation of Nrf2 should also be considered. Instances of current Nrf2 activators and inhibitors, as well
as Nrf2 expression grades in disorders, are outlined in Figure 3 (18], Nrf2-targeted therapeutics are shown in Table
2.

Activators:
Bardoxolone Bixin
Sulforaphane t-BHQ
Possible kYT EEN(1 ) Curcumin
Therapeutics | 287010 MG132 e
Oltipraz D3T Inhibitors:
Resveratrol Baicalin Trigonelline
Matrine Cinnamaldehyde Malabricone A
Puerarin Pterostilbene Ochratoxin A ATRA
a-lipoic acid Orientin Dexamethasone ML385  Brusatol
i Low Low/High High
Agin ; Lung, Liver, Kidney,
Neurodeggegeration Typg I and Il Diabetes Bladger. Head, N;g(.
Dissase Liver Cirrhosis Cardiovascular disease Colon, Breast, Endometrial,
Chronic Kidney Disease Prostate Cancer and Ovarian Cancer
Pre-Tumor Initiation TumorInitiation/Early stages Late stages/Metastasis
Treatment Chemoprevention Chemotherapies _Ad]uvant therapies )
options Prevention/delayed onset Treatment/suppression Mitigation of degenerative
of degenerative diseases of degenerative diseases disease symptoms

Figure 3. Nrf2-targeted therapeutics 18,

Table 2. Nrf2-targeted therapeutics 24,
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Therapeutics

Electrophilic NRF2
activators

Pro-electrophilic NRF2
activators

Natural products

Natural product-
derived

Natural products

Mechanism of Action
Electrophilic modification of
KEAP1-C151

Electrophilic modification of
KEAP1-C151

Electrophilic modification of
KEAP1-C151

Molecules
Sulphorapane
Bixin
Dimethyl fumarate

Bardoxolone methyl

Carnosic acid
Carnosol

Ac-DPETGEL-OH (7mer)
FITC-3B-DEETGEF-OH
(7mer)
FITC-LDEETGEFL-NH2
(9mer)
FAM-LDEETGELP-OH
(9mer)

Peptides Blndlr?g to KEAP1 Kelch
domain

Non-electrophilic

compounds

Compound 2
Cpd15

Cpd16

(SRS)-5
AN-465/144580

Binding to KEAP1 Kelch

Small molecules .
domain

Natural products GSK-3 inhibition Nordihydroguaiaretic acid

KEAP1-independent NRF2

activators

Synthetic HRD1 inhibition LS-102

Global protein translation

NRF2 inhibitors L Brusatol
inhibitor

Natural products

The cellular protection ity PupRRLISH e N & RHIBE) SREMES FRNP RRFAUk G FERlMeOf CD4™ and CD8” of

lymph node cells for appropriate essential immune reactions. Nrf2 is able to able to negatively regulate pro-
inflammatory signaling molecules like p38 MAPK, NF-kB, and AP-1. Another task of Nrf2 is to prevent the formation
of pro-inflammatory intermediates such as cytokines, chemokines, cell adhesion molecules, COX-2, matrix
metalloproteinases, and iINOS. Even though not openly clarified, the antioxidant activity of genes directed by Nrf2

might supportively control the innate immune defense [22],

It seems that Nrf2 action is crucial in regulating cellular mechanisms regarding the determination of inflammatory
progression. To accomplish this, Nrf2 interacts with nuclear factor-kB (NF-kB) via various chemical connections 23],
The phosphorylation reaction of NF-kB inhibitor (IkBa) by IkB kinase (IKKP) leads to IkBa deprivation, which
causes nuclear translocation and DNA attachment to NF-kB. Nrf2 reduces NF-kB stimulation by reacting with
Keapl. Nrf2 is displayed to extensively regulate the immune defense by acting with vital innate immune elements
such as the toll-like receptors—Nuclear factor kappa B (NF-kB) cascade, inflammasome signaling, and the type-I

interferon reaction.
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The role of Nrf2 in downgrading inflammation has been recognized in some animal studies with different
pathological disorders 24, Furthermore, Nrf2 absence worsens autoimmune disorders like rheumatoid arthritis
(RA) [ and systemic lupus erythematosus (SLE) [28] whereas Nrf2 activation improves autoimmune
encephalomyelitis (27,

Growing indications have reinforced the idea that the regulatory role of Nrf2 is not limited to OS but is also directed
to inflammation mechanisms, immune system disorders, and cartilage and bone metabolism [28. Research has
shown that Nrf2 activation might regulate diverse progressions and intermediates that take place in the pathology
of autoimmune disorders such as RA, systemic SLE, osteoarthritis (OA), and osteoporosis. Nrf2 activation, through
multiple pathways, induces a strong antioxidant response associated with beneficial effects against various
conditions (Figure 4). The goal of this observation is to emphasize Nrf2 as a novel pharmacological target in above
mentioned illnesses.

Decrease ROS
levels
Inducing Reduce
angiogen ammation
Increased
synthesis activation T
phase2- protection
proteins
Inc
synthesis of ' Resnstmg
antioxidant cell death
enzymes

Figure 4. Pharmacological properties of Nrf2 activation.

| 2. Nrf2 Regulation and Inflammation

Given the extensive display of stimuli that trigger Nrf2 and the various cellular operations that it handles, the
regulation of Nrf2 activity is complicated and multifactorial. Absolutely, Nrf2 activation can be managed at the
transcriptional and post-transcriptional level via the regulation of protein stability, post-transcriptional shifts, and the
availability of binding fellows (Figure 5).
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Figure 5. Mechanisms of regulation of Nrf2 activity (22

Inflammation is the most known consequence of numerous immune disorders and illnesses. Research has shown
that Nrf2 is linked to anti-inflammatory progression by altering the employment of inflammatory cells and by
modifying gene expression at the ARE level. The Nrf2 protein half-life is less than 20 min in the cell B9, The
Keapl/Nrf2/ARE signaling pathway primarily controls anti-inflammatory gene expression and prevents the
development of inflammation in many diseases [31l. Other signaling pathways like NF-kB, MAPK (mitogen-activated
protein kinase), and JAK (janus kinase)-STAT (signal transducers and activators of transcription) are considered to
be of relevance in the progress of inflammation 32, It was discovered that Nrf2 controls the phase Il detoxifying
enzymes involving NADPH, NAD(P)H quinone oxidoreductase 1, glutathione peroxidase, ferritin, heme oxygenase-

1 (HO-1), and antioxidant genes that protect tissues against damage with their anti-inflammatory properties 231,

The main role of inflammation is to eliminate the foundation of disorder and re-establish homeostasis.
Conventionally, native immunity is the prompt reaction in the procedure of phagocytosis, while adaptive immunity is
antigen-reliant and described by an immunological recall that allows for increasing an effective immune response
following contact with a similar antigen. The symbol of the inflammatory process is the formation of signaling
elements named cytokines B4l Activation of Nrf2 in several diseases related to OS and inflammation lessens
markers of damage and inhibits illness development. These properties are thought to be the result of the

upregulation of antioxidative and phase Il detoxifying enzymes by Nrf2 as well as the straight role of control in the
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formation of inflammation. It is known that Nrf2 prevents transcription of pro-inflammatory IL-6 and IL-1[3 cytokines

by making bonds to genes in macrophages and stopping RNA Pol Il employment 22!,

Because Nrf2 is a lead regulator of redox homeostasis, it wields indirect control on NF-kB activity.
Lipopolysaccharides (LPSs) trigger simultaneously a fast, pro-inflammatory NF-kB response and a slow Nrf2
reaction. The NF-kB response is subsequently inhibited while Nrf2 is maximally functional 3. For example, Ras-
related C3 botulinum toxin substrate 1, a small G protein of the Rho family, activated the NF-kB path and Nrf2
overexpression obstructed, whereas Nrf2 knockdown improved NF-kB-dependent transcription B2, Invariably, in
Nrf2-deficient (Nrf22/2) mice challenged with LPS or tumor necrosis factor (TNF)-a, the activity of IKK was
aggravated and led to raised phosphorylation and degradation of IkB B8, Nrf2 furthermore generates an anti-
inflammatory phenotype that modulates the functions of CD8+ T cells B2l as well as in macrophages and microglia
(3813911401 " Thjs is because Nrf2 augments cysteine and GSH levels in macrophages via regulation of the
cystine/glutamate transporter and the GSH-synthesizing enzyme g-glutamyl cysteine ligase modulator and catalytic
subunits (g-glutamyl cysteine ligase modulator subunit (GCLM) and g-glutamyl cysteine ligase catalytic subunit
(GCLC)). Contrarily, a lack of GSH sensitizes macrophages to Nrf2 activation by LPS 1. All these investigations
indicate Nrf2 as an anti-inflammatory factor critical in maintaining the intensity and period of inflammatory reactions
(Figure 6).

Anti-inflammatory response |

Direct Indirect

Inhibition Inhibition Inhibition
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Figure 6. Direct and indirect regulation of inflammation by Nrf2 [49],

Direct mechanisms of activity contain transcriptional induction of anti-inflammatory genes as well as transcriptional
repression of pro-inflammatory genes. In the second box, the question mark reveals that additional work is needed
to determine the bZip partner of Nrf2 in this function, if any. Indirect mechanisms to compensate for inflammation
include ROS/RNS modulation and inhibition of the migration/infiltration of immune cells. In general, these paths

guide an anti-inflammatory reaction that properly resolves inflammation. The presence of polymorphisms in
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NFE2L2 related to diminished transcriptional activity, the varied levels of target genes in patients, and promising

data from preclinical analyses support a suitable position of Nrf2 in inflammation resolution 22!,

Carbon monoxide (CO) is a steady gaseous molecule that reacts selectively with transition metals in a distinct
redox state, and these characteristics limit the interaction of CO with described biological targets that transduce its
signaling action 43, Because of the increased affinity of CO for ferrous heme, these targets can be categorized into
heme-containing proteins, illustrating an enormous assortment of sensors and enzymes with a sequence of various
roles in cells and organisms. Despite this concept, advancement in specifying which of these targets are selective
for CO has been slow, and even the significance of raised carbonmonoxy hemoglobin, a classical marker utilized to
diagnose CO poisoning, is not well-comprehended. Nonetheless, the usage of CO gas and CO-releasing
molecules as pharmacological strategies in models of disease has supplied new vital knowledge about the
signaling properties of CO. CO is continually yielded by heme oxygenases in mammalian cells during heme
degradation 4!,

Heme oxygenases exist in constitutive (HO-2) and inducible (HO-1) isoforms and are derivatives of two different
genes, HMOX2 and HMOX1. While heme oxygenase-2 (HO-2) has separate tissue localization, being
predominantly expressed in the testes, brain, and endothelium, heme oxygenase-1 (HO-1) is upregulated in all
tissues investigated, pursuing several types of stress stimuli involving oxidative stress, which is an underlying

factor in various pathological conditions 441,

HO-1, also known as heat shock protein 32, is the rate-limiting and inducible cytoprotective enzyme in the heme
degradation path that degrades heme into free iron, carbon monoxide, and biliverdin, which is then rapidly
converted into bilirubin 421481 Biliverdin is henceforward reduced to bilirubin via biliverdin reductase. Both biliverdin
and bilirubin are bile pigments with antioxidant effects 4. Endogenous CO can function as a second messenger,
thereby affecting a variety of physiological and pathological processes involving cell proliferation, inflammation,
apoptosis, and injury 8. As a cytoprotective enzyme, HO-1 serves an essential function in controlling cell

homeostasis.

Under miscellaneous pathophysiological stress or stimulation conditions, such as hypoxia, ultraviolet light,
inflammatory mediators, heme, ischemia, and other harmful stimuli, HO-1 expression is generated to guard cells
against oxidative and inflammatory harm 2. In the presence of the forenamed stimulatory elements, the yielded
expression of HO-1 is mainly influenced by redox-sensitive transcription factors, involving Nrf2, activator protein 1
(AP1), hypoxia-inducible factor (HIF), and BTB and CNC homology 1 (Bach1) 9.

The association between Nrf2 and the induction of HO-1 is well established and is conditional on the existence of

antioxidant reaction elements in the promoter of the HMOX1 gene [52152],

Nrf2 is now known as the lead regulator of cellular antioxidant protection systems because it handles, in addition to
HO-1, the expression of a battery of detoxification enzymes, such as NAD(P)H dehydrogenase quinone 1,

glutathione S-transferases, and peroxiredoxins 231541551 Therefore, the defense wielded by Nrf2 is reliant on these
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genes, and their silencing, to a significant capacity, switches the helpful actions of Nrf2 activation B8, It is not
surprising then, that many of the HO-1 inducers that have been represented by various authors over the last

decade seem to include Nrf2 as the upstream factor inducing this response 57,

It is also fascinating to report that the transcription factor Nrf2 was significantly augmented for the genes positively
associated with HMOX1. The Nrf2-Keapl-HMOX1 path is a cellular defense mechanism playing a vital role in
shielding against oxidative stress and inflammation 28, This pathway is activated in response to diverse stimuli,
involving reactive oxygen species (ROS), heavy metals, and xenobiotics. Once triggered, it leads to the

transcriptional upregulation of antioxidant and detoxifying genes involving HMOX1 269

Mangano et al. (1 designed a study to explore the immunoregulatory mechanisms operating in the development
and regulation of concanavalin A (ConA)-induced hepatitis. They evaluated the role of the anti-inflammatory path
Nrf2/HO-1/CO in this condition and investigated the in vivo administration of CO through the CO-releasing
molecule (CORM). They observed that the Nrf2/HO-1/CO pathway is fundamental for immune response regulation.
Also, Nikolic et al. 82 tried to find efficacy and the mechanisms of action of the CO-releasing molecule (CORM)-A1
in preclinical models of type 1 diabetes. Their data indicated that the capability of CORM-AL to save mice from
developing type 1 diabetes supplies useful evidence of conception for the probable exploitation of controlled CO

delivery in clinical settings for the therapy of autoimmune diabetes.

In the absence of Nrf2, oxidative cell injury and apoptosis may increase the formation of autoantigens, leading to
the triggering of T cells and the creation of autoantibodies by B cells. Furthermore, the lack of phase Il enzymes
results in an increase in ROS. Nrf2 is a chief controller of cellular defense reactions to oxidation, and it is expected

that Nrf2 activation is able to defend against OS associated with autoimmune pathogenesis [27128],

Studies propose that Nrf2 responds to the NF-kB-associated inflammation reaction by challenging the transcription
co-activator cCAMP response element (CREB) binding protein (CBP) 831, The histone acetylation reaction and
subsequent DNA transcription are controlled by CBP-p300. CBP was stated to interrelate with the domains Neh4
and Neh5 of Nrf2, causing the acetylation of Neh1, which is directly involved in DNA binding 4. It was described
that the link between the N-terminal area of the p65 subunit of NF-kB and Keapl could stop the Nrf-2 cascade.

Nevertheless, various studies reported that diverse causes of OS usually stimulate both NF-kB and Nrf2-ARE
signaling [621(68],

Inflammation is a multifaceted interaction among several inflammatory cells, which gives many signaling agents
like arachidonic acid type compounds, phospholipid mediators, and cytokines that seem to have an essential part
in some inflammatory responses, influencing the reactions between pro- and anti-inflammatory systems that lead to
various disorders 71, The activation of the Nrf2 pathway determines a remarkable event to address and direct the
evolution of inflammation. It was described that the activation of Nrf2 inhibits LPS-induced modulation of pro-
inflammatory cytokines including IL-6 and IL-1p. This relationship was confirmed by the finding that Nrf2 controls

NF-kB-oriented transcription of pro-inflammatory cytokine genes 111,
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Mills et al. 88 described the effects of a novel itaconate derivative, 4-octyl itaconate, that protects mortality in vivo
and reduces cytokine formation. They showed that type | interferons increase the expression of Irgl (also known
as Acodl) and itaconate formation. In addition, they found that this reaction confines the type | interferon response.
Their data show that itaconate is an important anti-inflammatory molecule that limits inflammation through Nrf2 and

modulates type | interferons.

Yan et al. 82 found that treatment with dimethyl fumarate considerably enhanced cognitive insufficiencies and
partly inverted neuronal injury in the hippocampus triggered by chronic cerebral hypoperfusion (CCH). In addition,
this management reduced the concentration of the pro-inflammatory cytokines IL-1(3, TNF-a, and IL-6 in the
hippocampus and mediated NF-kB signaling. The results suggest that dimethyl fumarate may increase cognitive

injury in rats with CCH, undoubtedly by lessening inflammation and ferroptosis of neurons.

Ding et al. L9 reported that Nrf2 absence considerably raised IL6 and IL10 secretion by M1 macrophages. The
control of these macrophage inflammations via Nrf2 shows numerous roles for Nrf2 in modifying inflammation in
macrophages. A lack of Nrf2 augmented the Glu4 protein level and reduced AKT and GSK3[ protein
phosphorylation in M1 macrophages, signifying multiple roles for Nrf2 in modifying glucose metabolism in
macrophages. These results back the perspective that Nrf2 is a pharmacological target for the inhibition and cure

of inflammation and obesity-linked disorders such as diabetes and atherosclerosis.

Numerous in vivo and in vitro experiments have revealed the result of Nrf2 in retreating diabetes mellitus by
responding to the progression of OS . Nrf2 expression has been found to be induced under OS conditions.
Therefore, there is an urgent need for research and clinical trials to develop essential therapeutics to protect
against the progression of diabetes and to upregulate genes contained in Nrf2 as a means of combating
hyperglycemia 22, In addition, Nrf2 functions as a chief factor in detoxifying cellular reactions that deliver sufficient
defense against OS and damage. Several lines of evidence point to the vital act of OS in diabetes. A similar theory
also shows that an increase in ROS significantly causes the growing link between free fatty acids and
hyperglycemia. Furthermore, ROS activates stress-sensitive signaling pathways, ultimately leading to diabetes

mellitus, B-cell dysfunction, and insulin resistance Z374],

As mentioned above, the upregulation of specific Nrf2 target proteins such as glutathione S-transferase, glutamyl
cysteine synthase, quinone oxidoreductase, and heme oxygenase-1, takes place through specific elements that
represent an antioxidant reaction and are located in the promoters of these genes. This synchronized act of
modified genes encoding antioxidant, anti-inflammatory, and detoxifying regulators functions as possible healer

compounds to protect against the increased OS and inflammation in diabetes mellitus [,

Ferroptosis is a type of cell death mechanism that takes place intracellularly in the presence of iron. This system is
a different action from cell apoptosis, necrosis, and autophagy, and it is defined by an imbalanced redox system
and augmented amounts of intracellular ROS 8. Li et al. 2 showed that ferroptosis is involved in the
development of diabetic nephropathy, which is possibly a consequence of reactions between metabolic and

hemodynamic mechanisms. It seems that the metabolic and hemodynamic disorders found in diabetes interrelate
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with ROS formation. Gene regulation and stimulation of transcription factors are affected by contacts between
metabolic inducements, hemodynamic issues, and several ROS in diabetes /8. The upregulation of Nrf2 by
fenofibrate treatment inhibited diabetes-related ferroptosis and delayed the progression of diabetic nephropathy. Li
and his colleagues’ research revealed the mechanism of the development of diabetic nephropathy from a new

perspective and provided a new approach to delaying the progression of diabetic nephropathy.

There are several reports on the positive effects of sulforaphane, extracted from broccoli sprouts, on
macrovascular complications in diabetes [Z21[BUBLIE2B3] Dh404 is a bardoxolone methyl derivative that has been
used clinically for the management of diabetic nephropathy. Dh404 triggers Nrf2 by an alteration of KEAP1, a
reaction similar to sulforaphane B4, Tan et al. 2 reported that Dh404 reduced atherosclerosis in diabetic
conditions at lower doses with a reduction in OS and inflammatory factors. Dimethyl fumarate is a recognized Nrf2
activator and is used clinically for the management of multiple sclerosis. The study by Ha et al. B8 suggests a
possible defensive effect of dimethyl fumarate on macrovascular complications in diabetes. Tert-butyl hydroquinone
stimulates Nrf2 by directing Cys-151 in the KEAP1 protein 9. |t was shown to improve diabetes-related
atherosclerosis in an animal study B4, It was found to increase Nrf2 action in macrophages in atherosclerotic
lesions and promote autophagic activity. This resulted in a reduction in atheroma plaque size, expansion, and lipid

content, as well as in decreased lesional macrophages, foam cell size, and chemokine expression.

Yu et al. B8] suggested that high uric acid levels trigger ferroptosis of macrophages in the development of
atherosclerosis. Additionally, promoting autophagy and preventing ferroptosis by triggering Nrf2 might ameliorate
atherosclerosis caused by elevated uric acid concentrations. These results may provide a better understanding of
the role of high uric acid concentrations in the development of atherosclerotic plaques and show a pharmacological

approach for atherosclerotic vascular disease connected with high uric acid levels.

In contrast, Li et al. 8 indicated that Nrf2 deficiency is associated with a reduction in atherosclerotic plaques and
may reduce physiopathological development by attenuating lectin-like oxidized low-density lipoprotein receptor-1
(LOX-1)-mediated production and relocation of vascular smooth muscle cells.

Zhao et al. 2% show that melatonin may be effective in protecting against smoking-related vascular damage and
atherosclerosis through the Nrf2/ ROS /NLRP3 cascade. Generally, these findings deliver convincing support for

the use of melatonin clinically to reduce inflammatory vascular damage and atherosclerosis caused by smoking.

Feng et al. 21 demonstrated the positive characteristics of kaempferol against postmenopausal atherosclerosis

related to the PI3K/AKT/Nrf2 pathway facilitated by G protein-coupled oestrogen receptor (GPER) activation.
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