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A B S T R A C T

Resveratrol is a natural polyphenol derived from grapes, berries, red wine, peanuts amongst other fruits and
nuts. Beneficial effects such as anti-inflammatory, antioxidant, hepatoprotective, neuroprotective, cardiopro-
tective, renoprotective, anti-obesity, anti-diabetic, and anti-cancer of resveratrol have been demonstrated by
preclinical and clinical research. A possibility is that these therapeutical effects are associated with modulation
of the Nrf2 signaling pathway in the following way: resveratrol may potentiate Nrf2 signaling through blockage
of Keap1, by means of changing the Nrf2 mediators, its expression and its nuclear translocation. This article
reviews the evidence of the Nrf2 modulating hypothesis as a possible molecular mechanism underlying the
medicinal properties of resveratrol.

1. Introduction

A critical transcription factor stimulating the synthesis of enzymes is
the nuclear erythroid 2-related factor 2 (Nrf2). This molecule is in-
volved in a number of biological functions including regulation of in-
flammation protein degradation, antioxidant metabolism, bio trans-
formative reactions, as well as an indirect transformation of lipids and
carbohydrates [1]. Translocation of Nrf2 into the nucleus stimulates the
small musculoaponeurotic fibrosarcoma oncogene homologue (sMAF)
dimerization [2]. It leads to the activation of the genes containing the
antioxidant response element (ARE), which activates the transcription
of antioxidant enzymes [3]. Thus, Nrf2 has a critical function in
maintaining homeostasis following cellular stress by regulating in-
volved genes. Nrf2 is modulated via three pathways: 1) PI3K (phos-
phatidylinositol 3-kinase)/Akt (Protein Kinase B), 2) epigenetics and 3)
the Kelch-like ECH-associated protein 1 (Keap1)-Nrf2 [2]. Keap1 was
found to suppress the Nrf2 pathway [4]. Under physiological condi-
tions, Keap1 blocks Nrf2 and reduces its half-life by preserving Nrf2 in
the cytoplasm and therefore, targeting it for proteasomal depreciation.
However, Keap1 is subject to modification in its structure during oxi-
dative stress, hence, it is not capable of inhibiting Nrf2 [4]. Therefore,

Keap1, under conditions of oxidative stress, preserves Nrf2 in the cy-
toplasm. Nrf2 is activated through the PI3K/Akt signaling pathway [5].

Flavonoids have the power to modulate Nrf2 activation. Resveratrol
(Res) (3, 5, 4/-trihydroxytrans-stilbene) (Fig. 1), is a flavonoid isolated
from several fruits and including berries, grapes, red wine and peanuts
[6–9]. In recent years, the use of Res as a nutraceutical compound has
gained attention because of its therapeutic effects. This natural poly-
phenol has numerous pharmacological impacts, including hepatopro-
tective [10], anti-diabetic [11], anti-cancer [12], antioxidant [13], anti-
inflammatory [14], cardioprotective [15] and ability to ameliorate
dyslipidemia [16]. These extraordinary therapeutical effects may come
mostly from its antioxidant activity. Several experimental studies have
indicated that Res could modulate cell signaling involved in in-
flammation and oxidative stress. The current study focus on the health-
protective effect of Res mediated by Nrf2 impact of Res on the Nrf2 in
various pathological conditions.
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2. Neuroprotective effects

2.1. Neurodegenerative diseases

Alzheimer’s disease (AD), is defined by the deposition of the protein
beta-amyloid (Aβ) in the brain and memory impairment. Numerous
studies indicated that antioxidants might be effective in delaying AD
progression. In this context, Kong and co-workers [17] studied the
impact of Res on an AD mice model and showed that both the content of
nuclear Nrf2 and Nrf2 translocation into nuclear were elevated in Res-
treated mice, while proceeding to increase the expression of HO-1.
Therefore, Res could ameliorate the spatial memory in the experimental
animals via increasing the SOD, glutathione peroxidase (GPx) and CAT
expression and activity. Additionally, Res decreased malondialdehyde
(MDA) brain levels in these mice activating the Nrf2/HO-1, indicating
its potential to decrease the cell oxidative damage. Furthermore, they
showed that Res improved AD by reducing Aβ protein expression in the
brain of treated mice correlating this effect with a reduction of the
estrogen receptor β (ERβ) expression and an increase the ERα expres-
sion at mRNA and protein levels and choline acetyltransferase (ChAT)
protein and estradiol levels. These findings indicate that Res has a
protective impact against AD similar to the estrogen. Chiang et al. [18]
demonstrated that Res inhibited the effects of Aβ on neural stem cells
via activating the AMPK pathway. Res prevented the Aβ-mediated in-
creased nuclear factor-kappaB (NF-κB) levels in the neural stem cells.
Res ameliorated Aβ-induced increase of inducible nitric oxide synthase
(iNOS) and cyclooxygenase-2 (COX-2)(pro-inflammatory enzymes),
reversed and decreased the mRNA expression levels of antioxidative
genes (GPx1, SOD-1, Nrf2, CAT, glutathione, and HO-1). Hui et al. [19]
observed the neuroprotective effect of Res on PC12 toxicity which in-
duced by Aβ1-42 through the PI3K/Akt Activation. They have shown

neuroprotective Res-associated effect resulting in the activation of Nrf2
signaling pathway.

Vascular dementia (VaD) is a type of dementia caused by a decline
in blood flow to the brain. Yadav and co-workers [20] assessed the
efficacy of Res in a rat model of VaD. Due to the low bioavailability of
Res, it was administered to rats loaded into solid lipid nanoparticles
(Res-SLNs). They showed that Res-SLNs ameliorated cognitive impair-
ment through a decline in protein carbonyls, lipid peroxidation, and
ROS production as well as a raise in the Mn-SOD activity. These pro-
tective effects of Res-SLNs were related to the Nrf2/HO-1 signaling
pathway. Parkinson's disease (PD) is a neurodegenerative disorder link
to the loss of dopaminergic neurons in the substantia nigra. Factors such
as mitochondrial dysfunction, endoplasmic reticulum (ER) stress oxi-
dative damage, as well as neuroinflammation, have been involved in
the PD pathogenesis. Gaballah et al. [21] assessed the potential impact
of Res in rats that were injected with rotenone. They observed that Res
ameliorated ER stress that was followed by a decline in the ER stress
parameters in the brain as C/EBP homologous protein (CHOP) and
glucose-regulated protein 78 (GRP78), leading to suppression of cas-
pase-3 activation. In this rat model of PD, Res also modulated the
balance between the oxidant-antioxidant systems by stimulating the
Nrf2 signaling pathway.

Res has also shown neuroprotective effects in spinocerebellar ataxia
type 3 (SCA3). This ataxia is the result of an abnormal expansion of
polyQ in the ataxin-3 protein. A mutant form of this protein induces
neurotoxicity and neurodegeneration in specific brain regions.
Treatment with Res has been effective in contrast to ataxin-3 mutant
caused neuronal damage in neuroblastoma cells and Drosophila models
of SCA3. Res increased the antioxidant protein content (HO-1, CAT,
SOD, GPx) and autophagy protein p62 expression, decreased reactive
oxygen species (ROS) levels, corrected mitochondrial function, declined
the expression of the mutant ataxin-3 protein. All actions incriminated
the activation of Nrf2 by the Res, potentiating antioxidant genes ex-
pression and the autophagy of gene p62. The gene p62 protein binds
Keap1 and facilitates translocation of Nrf2 in to nuclear. Furthermore,
supplementation with Res ameliorated the motor function in SCA3
Drosophila through induction of Nrf2 activation [22]].

2.2. Neuroinflammation

Several in-vitro studies found that Res may prevent the occurrence
of neurological disorders. For example, Rosa and co-workers [23] in-
dicated that Res protected oligodendroglial cell function against lipo-
polysaccharide (LPS) exposition, by modulating oxidant-antioxidant
system mediated by Nrf2/HO-1 signaling pathways. Res modulated
intracellular content of GSH, ROS, and also the activity of glutamate-
cysteine ligase (GCL), leading to regulation of the release of trophic
factors by oligodendroglial progenitor cell. Bobermin and co-workers
[24] investigated the anti-inflammatory mechanism of Res mediated by
adenosine receptors, on primary astrocyte cultures exposed to LPS.
However, the study indicated that Res could prevent the reduction in
adenosine receptors mRNA levels LPS-induced. Indeed, Res could ac-
tivate PI3K/Akt-Nrf2 in astrocytes exposed to LPS and also inhibit NFκB
and p38 mitogen-activated protein kinase (p38 MAPK). Res up-regu-
lated the heme oxygenase-1 (HO-1) expression in PC12 cells through
ARE/Nrf2 signaling. Res ameliorated signal-regulated protein kinase 1/
2 (ERK1/2) and Akt/protein kinase B activation in the PC12 [25].
Curcumin and Res protected astrocytes against H2O2 induced oxidative
damage via Nrf2 activation [26]. Alcohol consumption in pregnancy
hinders behaviour and function in infants. In rats, administration of
highly concentrated ethanol (80mM) induced the cerebellum neuronal
death, but Res protected against apoptosis via ROS scavenging cere-
bellar neurons, leading to an increase in cell survival through the Nrf2
pathway [27].

Fig. 1. Chemical structure of Res.
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2.3. Cerebral ischemic and hemorrhagic injuries

The progression of stroke as the second leading cause of death
mortality is related to oxidative stress, inflammation, and apoptosis
[28]. It is suggested that anti-oxidant and anti-inflammatory agents
might decrease the extent of stroke-induced injury results from is-
chemic stroke [28]. In this context, Yang and co-workers [29] indicated
that Res decreased neuronal damage induced via oxygen/glucose de-
privation/reoxygenation (OGD/R) in the rat cerebral cortex via in-
creased activation of Nrf2 signaling. The potentiation of Res on the Nrf2
pathway raised the activity of SOD, HO-1, quinone oxidoreductase 1
(NQO-1), NAD(P)H, and apoptotic proteins including declined the
caspase-3 expression, Bcl-2, and thus, leading to neuronal apoptosis
suppression. Shen et al. [10] found that pretreated neural stem cells
(NSCs) with Res, significantly reduced NSCs death and the MDA levels,
raising proliferation, SOD activity, and GSH content after OGD/R da-
mage. They concluded that Res ameliorated NSCs injury and increased
proliferation through enhancing the NQO1, Nrf2, and HO-1 expressions
after OGD/R damage.

Abdel-Aleem and co-workers [30] showed the ability of Res to
modulate the neuroprotective protein DJ-1 (Parkinson protein 7). This
protein is an important antioxidant and cell survival regulator; how-
ever, during ischemia/reperfusion (I/R) events, both its expression
pattern and the changes of its oxidized/reduced forms towards oxidized
could alter its neuroprotective effect. In their work, Abdel-Aleem and
co-workers found that Res reduced oxidized forms of DJ-1 levels and
iNOS expression and increased GSH levels and SOD activity, resulting in
increased survival of injured animals’ model through the Nrf2 /PI3K/
Akt survival pathway. Pre-treatment with Res (20 or 40mg/kg, for
seven days before hypoxia-ischemia induction) considerably improved
the cerebral edema, infarct area, oxidative stress indices (GPx, CAT,
SOD), inflammatory indices (TNF-a IL-6, IL-1b, and NF-κB) through
marked the Nrf2/HO-1 upregulation in hypoxia-ischemia pups [31]. A
stroke model in rodent astrocyte cultures showed Res protective effects
via preserving mitochondrial coupling and antioxidant expression
mediated by Nrf2 [32]. Ren et al. [33], found that Res pretreatment (15
and 30mg/kg) inhibited neuronal damage in brain I/R injury in rat and
mice models by ameliorating oxidative markers (decreased MDA levels
and increased SOD activity) and decreasing caspase-3 protein expres-
sion, mediated by Nrf2/HO-1 signaling pathways. Kesherwani et al.
[34] indicated the neuroprotective properties of Res (50 μM) mediated
by Nrf2 in the spinal cord (T2–T10 and the dorsal column of rat) hy-
poxic injury in an in vitro model. Activation of Nrf2 by Res attenuated
the oxidative damage (decreasing lipid peroxidase (LPO), increasing
both GSH and SOD) and maintaining mitochondrial function. The
spinal cord action potential of dorsal column assay and histological
staining (with eosin and hematoxyline) confirmed the neuroprotective
effects of Res.

During severe hemorrhage, mitochondrial dysfunction occurs.
Reduction in blood flow to tissues leads to decreased availability of
oxygen and nutrient. Jian and co-worker [35] found that the SIRT1
activity and the balance of glycolytic activity of mitochondria after
trauma hemorrhage was decreased Res untreated rats in contrast with
Res treated rats who showed restored activity and expression of SIRT1
mediated by Nrf2.

2.4. Traumatic brain injuries

Traumatic brain injury (TBI) is featured by cognitive impairment, in
which oxidative stress, inflammation, and apoptosis are involved as
molecular mechanisms. TBI is associated with primary and secondary
injury severity in patients. Primary injury is called to the first collision
that pushes the brain to be hit inside the skull. The primary injury re-
sults in immediate impacts including :direct trauma to the brain and
Subarachnoid hemorrhage. The secondary stage of TBI consists of pa-
thological events that cause hematomas, edema, and ischemia leading

to a deterioration of the clinical symptoms [36]. The progression of the
secondary lesion of TBI comprises several mechanisms, including oxi-
dative stress, inflammation, and glutamate excitotoxicity [37–39]. Re-
cent research indicates that Nrf2 has a substantial impact on the sti-
mulation of the antioxidant enzyme expression and the decline of
oxidative injury after TBI [40]. Many numbers of natural antioxidants
have been indicated for protective effects against TBI through the Nrf2
activation [41,42]. Shi et al. [43] indicated that Res improved cognitive
deficits in traumatic brain injury rats through a decrease in apoptosis
and ROS generation following p38/Nrf2/HO1 signaling stimulation in
the brain. Res ameliorated the phosphorylated p38 level, raising Nrf2
translocation into nuclear and the expression of HO1. The oxidative
stress and apoptosis were considerably reduced following Nrf2 activa-
tion, leading to cognitive and spatial memory improvement [43].

2.5. Cardiovascular protective effects

The cardiovascular system is mostly affected by ROS. It has been
found that natural flavonoids may potentially attenuate oxidative
stress-induced cardiovascular disease. In this regard, Bai et al. [44]
showed the therapeutic effects of Res on cardiac function in an en-
dotoxemia experimental model and mouse cardiomyocytes. It is well
known that LPS disturbs the redox homeostasis, enhancing oxidative
stress and reducing antioxidant enzymes in hearts. These disturbances
translate into poor cardiac contractility and Ca2+ transient by reduced
sarco-endoplasmic reticulum Ca2+ (SERCA2a) activity. Res improved
cardiac dysfunction induced by LPS via enhancing the activity of
SERCA2a. In cardiomyocytes, Res ameliorated amplitude of contrac-
tion, the elongation of lengthening time, decreased Ca2+ transient and
the activity of SERCA2a, and elevated superoxide production. It was
found that Res protected against LPS-induced heart injuries by enhan-
cing the Nrf2 activation. It seems that Res manages the expression of
the antioxidant enzymes involved in the regulation of ER calcium by
SERCA. During the ischemia/reperfusion process, an inflammatory re-
action is induced, which causes damage related to myocardial ischemia-
reperfusion dysfunction. Res presented therapeutic properties in a
myocardial ischemia-reperfusion (MI/R) animal model, attenuating
oxidative stress and inflammation by enhancing the Nrf2/ARE/HO-1
signaling [45]. Hao et al. [46], also reported that Res attenuated
myocardial injury LPS-induced in both an animal model of sepsis and in
primary human cardiomyocytes, by decreasing pro-inflammatory cy-
tokines and increasing Nrf2 stimulation.

The cardio protector effect of Res has been investigated in co-ad-
ministration with several drugs, which possess therapeutic properties
but induce cardiotoxicity. The arsenic (As2O3) is considered a carci-
nogenetic substance; however, it shows a protective impact in acute
promyelocytic leukemia. The use of As2O3 in this type of cancer is
limited because it produces an increase of ROS in cardiomyocytes,
oxidative DNA damage, and arsenic accumulation. Zhang et al. [47]
reported the beneficial impact of Res in co-administration with As2O3 in
rats. They found that the pretreatment with Res in As2O3-exposed rats,
reduced As2O3-induced ROS production, DNA damage, and improved
cardiac function reverting intracellular calcium and As2O3 accumula-
tion, glutathione redox ratio and cAMP deficiency. They showed that
these effects Res-associated were produced by activating the Nrf2/HO-1
pathway.

Cheng et al. [45] showed that Res modulated inflammation and
oxidative damage by stimulating the Nrf2/ARE activation in an
ischemia/reperfusion rat model. Res protected myocardial infarction by
reducing myeloperoxidase (MPO) and MDA levels in the myocardium
as well as serum lactate creatinine kinase (CK) and dehydrogenase
(LDH) levels and raising superoxide dismutase (SOD) and GPx activity.
Gurusamy et al. [48] indicated the impact of 14 days administration of
Res (2.5 mg/kg) in the myocardium of rat, which subjected to occlusion
of the coronary artery. Res was administrated into the adult EGFP
(enhanced green fluorescent protein) -labeled-cardiac stem cells
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increased EGFP into the border zone of the myocardial cell. They found
that the cardiac function and environment were improved in Res-ad-
ministrated animals by increasing the nuclear expression of the redox
effector factor 1 (Ref-1) and Nrf2 pathway, 1 week the left anterior
descending coronary artery (LAD) occlusion group. In this line, Gor-
bunov et al. [49] treated stem cells derived from the LAD rat model
heart with Res. They found that the survival of these stem cells in-
creased as indicated by the Ki67 and the myocardium regenerated as
shown by the EGFP expression for following the occlusion of the cor-
onal artery in the Res-administrated stem cell group, through enhan-
cing Nrf2/Ref-1 pathway.

2.6. Vasoprotective effects

Kim et al. [50] reported the protective effect of Res in cultured
vascular smooth muscle cells, wire-injured femoral artery animal model
and vascular occlusive disease (VOD). The abnormality in the growth of
the blood vessel intimal layer is called neointima and is critical to the
development of VOD. In this work, Res inhibited neointimal formation
by potentiating Nrf2/HO-1 activation. Ungvari et al. [51] found that
Res significantly enhanced the Nrf2 expression that affects NAD(P)H:
HO-1, γ-glutamylcysteine synthetase, and NQO-1 in the arterial cor-
onary endothelial cells. Res also markedly ameliorated mitochondrial
dysfunction and oxidative damage caused by high glucose through the
upregulation of Nrf2 in these cells. Vasodilation is impaired by high-fat
diet (HFD), Res restored acetylcholine-induced vasodilation in micro-
vasculature dependent of Nrf2 in an endothelial dysfunction mice
model ((HFD)-fed mice). Also, Res inhibited apoptosis and oxidative in
the femoral artery branches in HFD-fed mice. The findings suggests that
the endothelial protective effects of Res are mediated by activation of
Nrf2. Seo et al. [52] assessed the anti-atherogenic effect of Res in mouse
atherosclerosis model of partial ligation of the left carotid artery. The
findings indicated Res inhibited ICAM-1 (intercellular adhesion mole-
cule-1) expression via transcriptional regulation of the FERM-kinase
and Nrf2/ARE interaction, thereby blocking monocyte adhesion. FERM-
kinase is a fragment of FAK (focal adhesion kinase); in this work, Seo
et al. showed that Res induced FAK cleavage using in vitro as well as in
vivo experiments.

2.7. Respiratory protective effect

Kode et al. [53] studied the protective impact of Res against oxidant
damage caused by cigarette smoke extract (CSE). They showed that Res
prevented CSE-induced ROS increased production and increased levels
of GSH via activation of Nrf2, in human alveolar epithelial (A549) cells
and human primary small airway epithelial exposed to CSE. CSE de-
creases the new synthesis of GSH by transcription impaired of gluta-
mate-cysteine ligase catalytic (GCLC) subunit, and they observed that
this event was correlated to the Nrf2 localization in the cytoplasm. They
also found a rise in the nuclear content of Nrf2 in the epithelial lung
cancer cells administrated with Res plus CSE, accompanying of GCLC
mRNA increased expression and GCL activity. Zhang et al. [54] in-
dicated that Res enhanced antioxidant capacity and decreased apop-
tosis in human bronchial epithelial cells (HBE1) exposed to CSE via
activating Nrf2/HO-1 signaling. Li et al. [55] researched the impact of
Res on SIRT1 and Nrf2 in the lung of mice exposed to paraquat (PQ). PQ
is an herbicide that produces respiratory failure in humans and is cor-
related to high death. In this work, they observed that long-term PQ
exposure inhibited the expression of SIRT1 in mice, and it is known that
PQ also inhibits Nrf2 expression. Treatment with Res in mice exposed to
PQ, increased SIRT1 and GSH expression levels and HO-1, SOD and
CAT activity via Nrf2/ARE, but decreased the expression of MDA. This
work showed that the agonism of Res on SIRT1 protected against PQ-
induced lung damage, increasing antioxidative defenses in mice. He
et al. [56] found that Res reversed mitochondrial damage, oxidative
stress, inflammatory and profibrogenic factors (transforming growth

factor β1, IL6, TNFα, and TGFβ1) and cell death induced by PQ in
normal human bronchial epithelial cells (BEAS-2B) by activating Nrf2
signaling. They have found that Res acts as a SIRT1 activator enhancing
its expression and improving lung injury.

Dong et al. [57] indicated that Res protected against high mobility
group box 1 (HMGB1)-caused hyperpermeability in endothelial both in
primary cultured mouse lung vascular endothelial cells (MLVECs) and
lung of mice anesthetized with ventilator-induced lung injury (VILI),
through an Nrf2-dependent mechanism. Res ameliorated HMGB1-in-
duced decrease in vascular endothelial (VE)-cadherin expression as well
as attenuated endothelial permeability and improved mitochondrial
function, in primary cultured MLVECs. Res also attenuated VILI, in-
cluding lung vascular hyperpermeability and further enhanced Nrf2
expression. Xu et al. [58] reported the effect of Res in an hypoxic
pulmonary hypertension (HPH) rat model. Res diminished pulmonary
arterial restoration and systolic pressure caused by hypoxia. It was also
observed that Res considerably declined the pulmonary arterial smooth
muscle cells (PAMSCs) proliferation in an estrogen receptor (ER)-in-
dependent method. Other studies have shown that Res can act like es-
trogens, exerting its protective effect by stimulating ERs signaling in
vascular endothelial cells. Res declined the expression of HIF-1 α, in-
filtration of inflammatory cells around the pulmonary arteries, and
declined ROS generation in hypoxic PAMSCs. In this work, Res atte-
nuated HPH injury by inhibiting the MAPK/ERK1 and PI3K/AKT and
enhancing Nrf2/Thioredoxin 1 (Nrf2/Trx-1) pathway.

2.8. Hepatoprotective effect

Rubiolo et al. [59] indicated that Res protected primary damage in
hepatocytes induced by oxidative stress through the Nrf2 activation
that modulates the phase II detoxifying enzymes and antioxidant ex-
pression. Sahin and co-workers [60] reported the beneficial impact of
Res on the heat shock proteins, NF-κB and antioxidative enzymes (SOD,
GPx and CAT) activities in liver of quails exposed to heat stress through
enhancing Nrf2 pathway. Res also inhibited hepatotoxicity tilapia fish
exposed to H2O2, indicated by the reduction level in lipid peroxidation
and elevation level in antioxidant enzymes (NQO-1, HO-1, GSH-Px).
Res suppressed Toll-like receptor-2 (TLR2)-Myd88-NF-κB activation,
leading a reduction in the inflammatory hepatic injury. Res ameliorated
immunotoxicity in the liver of fish, as evidenced by the up-regulation of
hepcidin (HEP), complement 3 (C3), and lysozyme (LZM) mRNA levels.
The anti-oxidative, anti-inflammatory, and anti-immunotoxicity impact
of Res in the liver of fish were caused following the induction of Nrf2
signaling pathways [61]. Res ameliorated acute injury in the liver
caused by LPS through suppressing NF-κB pathways and activating
Nrf2/HO-1 in rats [62]. Res induced the HO-1 and paraoxonase-1 ex-
pressions in hepatocytes (HUH7) as well as increased Nrf2 transacti-
vation [63]. In HepG2 cells, Res prevented acrylamide-induced im-
pairment in mitochondrial function, cell death, and inflammatory
cytokines production through stimulating the Nrf2/NQO-1 pathway
[64].

2.9. Reno-protective effects

Administration of Res inhibited the progression of kidney injury by
stimulating the Nrf2 signaling pathway. Wang and co-workers. [65]
showed that Res ameliorated acute kidney injury (AKI) in a CLP model
of rat pups by decreasing kidney injury molecule (KIM)-1expression,
TNFα, and IL-1β that mediated by Nrf2 signaling pathway. Res also
decreased inflammatory injury in kidney cells induced LPS, by acti-
vating Nrf2/HO-1 pathway. Res modulated the expression of SIRT1,
AQP2, and Nrf2, NOX4, p47phox, Keap1, and COX and activation of c-
Jun N-terminal kinase (JNK), MAPK/ERK, p38 and NF-κB, in mouse
cortical cells treated with 4-hydroxy-2-hexenal (HHE) [66]. Res re-
versed human embryonic kidney (HEK293) cells damage induced by
Ochratoxin A by increasing GSH levels and decreasing DNA damage,
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which is regulated by the Nrf2 signaling pathway [67]. Res declined
injury in renal cells exposed nicotine suppressing pro-oxidant p66shc
transcription, via activation Nrf2/HO-1 pathway [68]. Res reduced the
fibroblast growth factor-23 mRNA and elevated klotho and the Nrf2
mRNA levels in rat vascular smooth muscle cells (RASMCs) exposed to
b-glycerophosphate [69]. Res attenuate injury produced by hyperten-
sion in spontaneously hypertensive rats (SHR), by activating Nrf2, thus
Res activated phase II antioxidant enzymes, decreased oxidative da-
mage, normalized of Na/K-ATPase regulation and angiotensin 1 re-
ceptor (AT1R)–G-protein signaling [70].

Another study conducted by Javkhedkar et al. [71] also confirmed
that water-administration of Res in the young SHR exerted protective
effects by reducing oxidative damage and restoring total antioxidant
content in tubular epithelial cells via Nrf2 activity. Oxidative markers,
as 8-isoprostane and protein carbonyl levels, were reduced in Res
treated-young SHR rats. These effects resulted in the reduction of in-
terstitial inflammatory cells in the kidney and the lowering of blood
pressure in SHR. Li et al. [72] showed the renoprotective effect of Res,
as evidenced by decreasing inflammatory responses, apoptosis, and
oxidative stress through stimulating Nrf2 expression, suppressing the
TLR4/NF-κB signaling in NRK-52E cells.

2.10. Skin protective effect

Res activates Nrf2 signaling in the human keratinocytes and mouse
epidermis, as evidenced by increasing the activity of the GST enzyme
[73]. Res raised the survival of neonatal normal human epidermal
keratinocyte cells (NHEKs) by modulating the ROS production depen-
dent Nrf2 signaling pathway [74]. Kim and co-workers [75] showed the
therapeutic effect of Res on ultraviolet (UV)-induced skin wrinkles. Res
stimulated the Nrf2/HO-1 pathway in the skin, and also prevented
metalloproteinases (MMP), leading to prevention UVB-induced pho-
toaging. Liu and co-workers [76] also indicated that Res declined oxi-
dative damage in human keratinocytes (HaCaT) exposed to UVA. Res
elevated the HaCaT cells viability following exposure to UVA and
protected them from damage induced by oxidative stress. Res degraded
Keap1 and increased the Nrf2 content in the nucleus, leading a decrease
in damage in HaCaT cells.

Res activated the Nrf2 pathway glutamylcysteinyl ligase and glu-
tathione peroxidase-2 (GPx2) in the normal human keratinocytes
(NHKs) [77]. Pastore and co-workers [78] indicated that Res modulated
metabolically, inflammation, and proliferation in human epidermal
keratinocytes (HEK) cell exposed to 6-formylindo[3,2-b]carbazole
(FICZ) or UVA+UVB through Nrf2 signaling pathway.

2.11. Chemopreventive or chemoprotective effect

2.11.1. Reproductive protective effect
Some young women are recognized with reproductive cancer under

chemotherapy [79]. The treatments induce ovarian aging and infertility
by causing apoptotic death and damage in the genome of ovarian cells
[80]. The maintenance of fertility and oocytes function is considered as
the main issue for cancer patients under medication. Unfortunately,
chemotherapy can stimulate aging processes in ovarian cells, leading to
infertility in young patient’s cancer. Germinal stem cells produce new
ovarian cells and provide opportunities to cure infertility. Wu et al. [81]
investigated chemoprotective functions of Res in mice exposed to bu-
sulfan plus cyclophosphamide as chemotherapy agents. They showed
that Res-treatment at low (30mg/kg/day) but not at high doses
(100mg/kg/day), improved ovarian aging, and declined oxidative da-
mage in ovaries. Besides, low-dose Res-treatment presented the re-
storation ability of oogonial stem cells (OSCs) in mice exposed to che-
motherapy agents. Wu et al. observed that Res administered after
treatment with chemotherapy, recovered weight and morphology of the
ovaries, raised the follicles number, 17β-estradiol, and decreased in
follicle-stimulating hormone levels. Res decreased oxidative stress level

in the ovaries caused by chemotherapy increasing SOD2 levels also
decreased oxidative markers upregulating Nrf2 and SOD2 and acti-
vating the SIRT1/FOXO1 pathway. Kutuk et al. [82] investigated the
impact of Res in signal transduction mediated apoptosis in 3T3 fibro-
blasts during exposure to 4-hydroxynonenal (HNE). Results showed
that Res effectively prevented the stimulation HNE-induced caspase and
c-Jun N-terminal kinase (JNK), and eventually apoptosis. Elevated
phospho-c-Jun and c-Jun levels and activated AP-1 could be declined
due to pretreatment of cells with Res. Moreover, decreased ARE binding
activity of Nrf2 by HNE, was blocked by Res. This upregulation of Nrf2
ARE binding activity was considered, at least partly, to be responsible
for anti-apoptotic effects of Res in exposure to HNE.

2.11.2. Anti-tumor effect
Cancer continues globally despite the progress of cancer treatment

methods, such as anticancer drugs in recent decades [83]. Herbal drugs
have been focused on as an alternative medicine to affect cellular sig-
naling in an experimental model of cancer [84]. In this contest, Res
might be an alternative treatment for cancerous patients. Kabel and co-
worker [85] investigated the impact of Res alone or in the combination
of sitagliptin on an experimental model of renal carcinoma in rats. Si-
tagliptin is a dipeptidyl peptidase-4 (DPP-4) inhibitor which applied to
treat diabetes mellitus type 2. This drug may represent a new che-
motherapeutic agent because it possesses cytotoxic effects on tumor
cells by inhibition of autophagy. This work shows Res and sitagliptin-
synergy established in the anti-inflammatory and antioxidant activities
due to their modulatory effects on Nrf2/HO-1 and STAT3/NF-κB sig-
naling. These compounds improved renal function and clear cell renal
cell carcinoma. Sinagliptin alleviated oxidative damage, and Res pro-
duced a considerable rise in the activity of the antioxidant enzymes in
treated clear renal cell carcinoma. Untreated clear cell renal cell car-
cinoma indicated a decline in the content of Nrf2/HO-1; the treatment
with sitagliptin and resveratrol restored Nrf2/HO-1 content, which in
turn ameliorated clear cell renal cell carcinoma. Kabel and co-workers
observed that the metastatic effect was avoided with concomitant ad-
ministration of Res. Both Res and sitagliptin, decreased xanthine oxi-
dase, IL-6, TNF-α, TGF-β1, and LDH expressions in renal tissue. Zhou
and co-workers [86] showed the preventive role of Res and its anti-
tumor activity against breast cancer in animal models exposed to es-
trogen, was mediated via stimulation of the Nrf2 signaling and Nrf2-
UDP-glucuronosyltransferase 1A8 (UGT1A8) axis, that it is responsible
for controlling of breast cancer deterioration. In preclinical studies, the
ability of Res to modulate detoxificant enzymes (phases I and II) has
been demonstrated. The above-mentioned work suggested that the
antitumor activity of Res was due to its hormonal modulator like effects
on NRf2 signaling. They observed that Res decreased breast cancer the
progression through up-regulation of Nrf2/UGT1A8 signaling in the
experimental model of breast cancer. In the same line, Singh et al. [87]
indicated that Res inhibited proliferative alterations in breast cells
mediated by estrogen, and markedly decreased breast cancer progres-
sion and elevated tumor latency via induction the expression of Nrf2-
mediated regulation antioxidant genes.

Res decreased growth and clonogenic potential of breast cancer cells
(MCF-7) exposed to doxorubicin (DOX) through stimulation of Nrf2,
leading to inhibition the apoptosis (Caspase-9 and Bax: Bcl-2 ratio),
autophagy (Beclin-1, LC3) and inflammation (COX-2, NF-kB). Besides,
Res prevented tumor progression and raised survival of Ehrlich ascitic
carcinoma (EAC) cells in bearing mice exposed to DOX [88]. Admin-
istration of Res prevented estrogen-induced breast cancer in the human
breast epithelial cell line (MCF-10A), via modulation of cap “n” collar
(CNC) b-zip transcription factors-mediated Nrf2-dependent pathways
[89]. Res exerted protective effects in K562 cells (erythroleukemia type
cancer cell) through modulating Nrf2/ARE signaling [90].

Strong evidence indicated that Res declined hepatic carcinoma cell
progression and oxidative damage and inflammatory cytokines that
regulated by Nrf2 in rats [91]. Kim and co-workers [92] indicated that
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Res caused mitochondrial biogenesis in Nrf2/ HO-1 activation in the
HepG2 cells.

Besides chemopreventive, antitumoral effects, Res enhanced the
tumor cell's sensitivity to chemotherapeutic drugs. Li and co-workers
[93] found that Res ameliorated the resistance to adriamycin (a che-
motherapy drug) through regulation of the PI3K/Akt/Nrf2 activation in
promyelocytic leukemia cells (HL-60). Cheng and co-workers [94]
showed that Res ameliorated the response of pancreatic cancer cells to
gemcitabine, enhancing the efficacy of gemcitabine in pancreatic
cancer therapy. In the work, they indicated that this impact of Res was
due to its ability to inhibit the nutrient-deprivation autophagy factor-1
(NAF-1) expression in pancreatic cancer cells through stimulating Nrf2
signaling.

Res inhibited spleen dysplasia in broilers induced by high ambient
temperature (HT) via stimulating the Nrf2 activating, thereby mod-
ulating oxidative stress indices (MDA, 8-OHdG, GSH, GPx, SOD and
CAT activities) and apoptotic indices (caspase-9, caspase-3, Bax, and
Bcl-2) [95]. Res prevented mouse colon cancer induced by the azox-
ymethane (AOM) through Nrf2/HO-1 signaling leading to a decline in
the iNOS, COX-2, and aldose reductase (AR) expressions and increase in
the activity of glutathione reductase (GSR) in [96].

2.11.3. Anti-infection effect
ROS is usually generated during infection diseases, leading to a

reduction in the antioxidant content, and causes oxidative damage.
Thus, antioxidants may be effective for protecting against infectious
diseases. Resveratrol, a natural antioxidant agent, is being able to in-
hibit the progression of various infectious diseases. In this context,
Bhattarai et al. indicated that Res could inhibit the decline in alveolar
bone in a periodontitis animal model through potentiating the activity
of Nrf2/HO-1, resulting in a decline in the ROS content and COX-2,
MMP-9, and MMP-2, and expression TLR-4 [97]. It was also found that
Res inhibited the periodontitis progression through activating the
SIRT1/AMPK and rasing the antioxidant defenses by the Nrf2 pathway,
resulting in a decline in the serum levels of 8-OHdG, NO, dityrosine,
nitrotyrosine, and pro-inflammatory indices in inflamed gingival tissues
of rats [98]. Zhang et al. [99] found that Res significantly ameliorated
gastritis caused by Helicobacter pylori through stimulation of the Nrf2/
HO-1 activation. Activated Nrf2/HO-1 signaling attenuated oxidative
damage and inflammation in Helicobacter pylori-infected gastric mu-
cosa. Zahlten and co-workers [100] indicated that Res inhibited the
progression of cellular lung injury in lung epithelial cells exposed to
Streptococcus pneumonia via the up-regulation of Nrf2 in lung epi-
thelial cells and increasing the antioxidant content. Res also amelio-
rated acute lung infection in the septic animal model via modulating
PI3K/Nrf2/HO-1 signaling, leading to a reduction in apoptosis, oxida-
tive damage, and inflammation in the cell [101].

2.11.4. Anti-obesity effect
Obesity, the leading risk factor of cardio-metabolic diseases, is fast

reaching epidemic proportions problem worldwide. Oxidative stress
may cause and deteriorate obesity-related diseases [102]. The bene-
ficial effects of flavonoids against obesity have been indicated in several
studies.

Avila and co-workers [103] indicated the beneficial impact of Res
on catecholamine-induced mortality in obese rats. It was found that Res
ameliorated lipids and protein oxidation in the aorta and myocardium
of the rat through induction of Nrf2/Keap1 antioxidant pathway. Res
has a protective impact on an animal t model of obese/asthma [65]. It
was indicated that Res reduced fasting blood sugar and serum lipid and
ROS levels in obese, asthmatic, and obeseasthmatic rats via stimulating
the Keap1/Nrf2 pathway. Rubio-Ruiz et al. [104] studied the Res plus
quercetin (QRC) effects on fatty liver in a weanling rat model of me-
tabolic syndrome. Res plus QRC decreased carbonylation and lipid
peroxidation and also raised total antioxidant capacity through stimu-
lating the expression of the Nrf2 signaling. Bagul and co-workers [105]

indicated that Res improved blood glucose and also decreased insulin
sensitivity, triglyceride, TBARS, NO levels, and increased SOD activity
by activating the Nrf2 pathway in fructose-fed rats. Res protected
against polychlorinated biphenyls (PCBs) induced impairment insulin
signaling through activating Nrf2 signaling in adipose tissue [106].
Zagotta and co-workers [107] investigated the impact of Res on the
plasminogen activator inhibitor (PAI-1) production in Simpson-Golabi-
Behmel syndrome (SGBS) adipocytes and inflammatory human adipose
tissue. Res decreased protein and mRNA expression of PAI-1 in SGBS
adipocytes by activating Nrf2 signaling in the normal cellular condition
through inhibition of the NFκB pathway in response to stressful cir-
cumstances. Res ameliorated the hemostasis of glucose and T-lympho-
cyte subdivision in the HFD model. Res decreased plasma leptin and
lipids levels and oxidative markers, and also reduced the body weight in
HFD mice by stimulating the PI3K/SIRT1 and Nrf2 signaling [108].

2.11.5. Anti-diabetic effect
Diabetes is a chronic metabolic disorder that is known by a dis-

ruption in the synthesis or function of insulin. Diabetes is caused by
inflammation, apoptosis, and oxidative stress. Res modulated insulin
signaling in adipose tissue, and also the inflammatory cascades in the
rat received the high-fructose diet. Diabetes is related to protein gly-
cation and advanced glycation end products (AGEs) [109]. AGE’s pro-
gress diabetes by producing free radicals [102]. Res decreased the ex-
pression of eNOS, mTOR, PI3K, IRS-2, IRS-1, IR, and Akt peroxisome
proliferator-activated receptor-gamma (PPARγ), iNOS, TNFα, IL-18, IL-
1β, ALT, MDA and also increased Nrf2 and IL-10 in adipose tissue of
rats [110].

Cheng and co-workers [111] found that Res regulated glucose up-
take and insulin resistance in Hep G2 cells exposed to methylglyoxal.
Res stimulated the extracellular signal-regulated kinase (ERK) sig-
naling, leading to Nrf2/HO-1 activation and an increase in glyoxalase
expression. Res ameliorated blood glucose level through modulating
the Nrf2 pathway in the methylglyoxal exposed to mice pancreas [112].
Pretreatment with Res elevated insulin synthesis via the up-regulation
of pancreatic-duodenal homeobox-1 (PDX-1) and PPARγ. Res also de-
clined the negative regulator of insulin expression known as CCAAT/
enhancer-binding protein beta (C/EBPbeta). Res stimulated the Nrf2
expression, which leads to a decline in oxidative damage [113]. Res
modulated the expression of protein and gene including CAT and GPx in
the liver of the STZ-diabetic rat model. Res elevated the activity of p-
GPx levels accompanied through a raise in Sirtuin1 and Nrf2 and de-
creased NFκB gene expression [114]. Res alone or co-administration
with rosuvastatin (RSU) ameliorated dysfunction of kidneys evidenced
by a reduction in TGF-β1, urinary protein, and serum creatinine in
diabetic rats. Res alone or co-administration with RSU ameliorated the
oxidant-antioxidant content (raise in CAT, GPx, GSH, and SOD content
with a reduction in MDA levels). The Res with RSU modulated Sirt1,
FoxO1, the renal expression of TGF-β1, NF-kB/p65, fibronectin, and
Nrf2 in the diabetic rats [115]. Res decreased creatinine and glucose
plasmatic levels and urinary protein excretion, and ameliorated hy-
pertrophy in kidneys. Res decreased the GSTM expression in diabetic
rats. Res declined the proliferation in mesangial cells exposed to high
glucose and declined expression of GSTM and Nrf2. The renoprotection
of Res is mediated by Nrf2 expression in mesangial cells of rat [116].
Res modulated the levels of TNF-α, IL-1β, IL-6, NO, NF-κB p65 subunit,
hydroxyl radical, C-peptide, plasma adiponectin, renal superoxide
anion, and creatinine clearance as well as renal activities of AST, ALT,
and ALP in STZ-nicotinamide-diabetic rats. Res treatment ameliorated
the activities of glyoxalase-I, sorbitol dehydrogenase, and renal aldose
reductase, as well as increased levels of serum AGE’s in diabetic rats.
Additionally, Res normalized the activities of GST, GPx, CAT, and SOD,
GR and vitamins C and E, and protein carbonyls levels, hydroperoxides,
lipid peroxides, and GSH levels in the kidney of diabetic rat. Res
modulated the Nrf2/Keap1 renal expression in the diabetic rats. The
findings indicated that the renoprotective effect of Res by ameliorating
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oxidative damage in the kidney of diabetic rats [117]. Res ameliorated
the renal function through downregulating pro-inflammatory signaling
pathway components (TNF-α, IL-6, IL-1β, iNOS, and NF-κB) in STZ-
diabetic rats [118].

You and co-workers [119] reported the protective impact of Aza
Res–chalcone derivative 6b against cell fibrosis and hypertrophy in
H9c2 myocardial cells exposed to high glucose through modulating
apoptosis, inflammation and oxidant stress. Aza Res-chalcone deriva-
tive 6b ameliorated apoptosis, fibrosis, and hypertrophy in the heart of
STZ-diabetic mice. Aza Res–chalcone derivative 6b ameliorated the
expression of inflammatory and oxidative indices, without changing
blood glucose and body weight through modulating NF-κB and Nrf2
pathway. The data indicated the modulatory effect of Aza Res-chalcone
derivative 6b on NF- κB and Nrf2, leading to its protective in diabetic
cardiomyopathy models.

In another study regarding the impact of Res on diabetic cardio-
myopathy, Wang and co-workers [120] indicated the protective effects
of Res against type 1 diabetes in FVB mice through modulating Nrf2
expression. Res had a protective effect vascular endothelium and retinal
in diabetic rats by regulating the expression of Nrf2/HO-1 genes [121].

2.11.6. Immunomodulatory effect
Iwasaki et al. [122] indicated that Res has a vital impact on the

Nrf2/ARE in human peripheral blood mononuclear cells. Zhang and co-
workers [123] showed the protective impact of Res on rheumatoid
arthritis fibroblast-like synoviocytes (RA-FLSs) exposed to H2O2
through the Nrf2/Keap1 signaling. Targeting the Nrf2/Keap1 pathway
by Res was effective in the treatment of RA. Res exerted the beneficial
impact in the osteoarthritis model in rats via ameliorating inflamma-
tion. Res suppressed IL-18, IL-1β, IL-6, and TNF-α expression levels, and
declined the activity of caspase-3/9 in the osteoarthritis model in rat.
Additionally, Res inhibited phosphorylated-(p)-AMP-activated protein
kinase (AMPK), sirtuin 1 protein, NF-κB, and iNOS expression in an
animal model of osteoarthritis. The findings suggested that Res im-
proved osteoarthritis in experimental animals via suppressing NF-κB
and enhancing Nrf-2/HO-1 activation [124]. Res improved idiopathic
membranous nephropathy in mice via a decline in ROS generation and
apoptosis, and also stimulation of Nrf2/HO1 signaling [125]. Achy-
Brou et al. [126] indicated that the inhibitory impact of Res on NO
release from stimulated primary peritoneal macrophages (PMs) cells
related to the status of the transcription factor Nrf2.

Bigagli et al. [127] indicated the antioxidant and anti-inflammatory
impact of Res in the human granulocytes and monocytes induced by
phorbol myristate acetate (PMA) and in macrophages RAW264.7 sti-
mulated with LPS. Res inhibited the oxidative damage, and CD11b
expression in the human granulocytes and monocytes induced with
PMA. Res also suppressed the expression of NO, iNOS, miR-146a, IL-1β,
TNFα, COX-2, and prostaglandin E2 (PGE2). Res showed anti-in-
flammatory impact through activation of Nrf2.

2.11.7. Anti-aging effect
Advancing in age is accompanied by the various diseases in the

brain, lung, cardiac, vessels, liver, and renal tissues [128]. Natural
antioxidants may be effective against age-related diseases. In this con-
text, Kim and co-workers [129] reported that Res has a protective im-
pact against renal damage in aging C57BL/6 mice. Res ameliorated
kidney function and histopathological alterations, and inflammation in
old mice through activation Nrf2/HO-1 signaling. Fischer et al. [130]
indicated that synthetic Res derivatives stilbenes increased the long-
evity of Caenorhabditis elegans via decreasing ROS production and
accumulation in the presence of sirt-2.1 (sirtuin), skn-1 (Nrf2), and daf-
16 (FoxO) in loss mutant strains. Treatment of aged vascular smooth
muscle cells (VSMCs) with Res (1 μ M) reversed aging-induced NF-KB.
Res also ameliorated mitochondrial ROS generation through activating
Nrf2 in aged VSMCs. The inhibitory impact of Res on inflammatory
mediators in the aged VSMC secretome indicated its vasoprotective

effect in animal models of aging [131].

2.11.8. Reproductive protective effect
Res ameliorated the antioxidant content [CAT, GPX1, GPX4, SOD1,

HO1, glutamate-cysteine ligase modifier (GCLM), UDP glucuronosyl-
transferase family 1 member A1 (UGT1A1) and microsomal glutathione
S-transferase 1(MGST1) in the placenta of sows and piglets through
Keap1/Nrf2 pathway and Sirt1 [132]. Gurusinghe and co-workers
[133] also studied the effect of Res on antiangiogenic factors and pla-
cental oxidative stress in HUVECs. Res reduced oxidative stress, activin
A, and soluble forms-like tyrosine kinase-1 (sFlt1) in the placenta. Res
decreased TNF-α which induced endothelial expression of endothelin-1,
E-selectin, ICAM1, and, VCAM1, leading to a decrease in the perme-
ability of endothelial monolayer. Res ameliorated the placental and
endothelial dysfunction through the modulation of Nrf2. Res exerted
protective effects against oxidative damage caused by di-(2-Ethylhexyl)
phthalate (DEHP) in the testes of rats. Res ameliorated total antioxidant
capacity (TAC) and GSH reduced levels and elevated MDA levels in the
testes of DEHP-treated rats through activating Nrf2/HO-1 signaling
[134]. Res ameliorated the testicular tissue apoptosis in the diabetic
mice model through Akt-induced activation of Nrf2 through decreasing
of p62-dependent Keap1 expression [135]. Res ameliorated prostate
damage in the rats exposed to 2,3,7,8-tetrachlorodibenzo-p-dioxin
(TCDD) during GD10 to PND21 period through activation of Nrf2
pathway [136]. Table 1 indicates the preclinical studies on the pro-
tective impact of Res via activating the Nrf2 signaling.

3. Conclusion

The Nrf2 pathway possesses a critical function in the modulation of
inflammatory responses and oxidative stress as well as protein, lipid
and carbohydrates synthesis, metabolism, and degradation. Nrf2 reg-
ulation is essential to maintain homeostasis of cellular function and
inhibit the progression of several pathological conditions. The present
review has concentrated on the modulatory impact of Res on the Nrf2
signaling pathways. The Nrf2 pathway activation exerted neuropro-
tective, cardioprotective, renoprotective, hepatoprotective, anti-
diabetic, anti-obesity, anti-tumor, and anti-aging activities. Res also has
a protective effect on skin respiratory, infections, immune system dis-
eases. which Res activates the transcriptional activity of Nrf2. Res po-
tentiates the expression of Nrf2 through dissociation of Nrf2-Keap1
binding and increases the translocation of Nrf2 into the nucleus. Res
dissociates the bindings between Nrf2-Keap1 through increase the in-
teraction between p62-Nrf2. Res also activates Nrf2/ARE via stimula-
tion p38 MAPK and SIRT1/FOXO1 signaling. Res elevates the Nrf2
expression through suppression of the inhibitory signaling (Fig. 2).

Res modulated MDA, GSH, GPx, GST and SOD levels, ROS produc-
tion, IL-6, TNF-α, Bax/Bcl-2-caspase-3, and IL-1β, and other in-
flammatory cytokines and oxidative stress in several tissues (Figs. 3–4).
Res modulates cell proliferation and detoxification through activation
of Nrf2/ARE signaling (Fig. 5).

In conclusion, it was found that Res modulates the Nrf2 activation
by inhibiting Keap1, Nrf2 gene expression, changing the upstream
mediators of Nrf2, and potentiating the nuclear translocation of Nrf2.
Due to very limited human studies in this field, the present review could
not introduce Res as the suitable Nrf2 modulatory agent for improving
human diseases. Therefore, more researches are required to indicate the
molecular mechanisms of Res protective effects and its impact on the
Nrf2 signaling pathway.
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Fig. 2. Mechanisms by which Res activates the transcriptional activity of Nrf2.
As shown, the main mechanism by which Res enhances the Nrf2 expression is the disruption of Nrf2-Keap1 binding and increases the translocation of Nrf2 into the
nucleus. Res also dissociates the bindings between Nrf2-Keap1 through increase the interaction between p62-Nrf2. Res also activates Nrf2/ARE through stimulation
p38 MAPK and SIRT1/FOXO1 pathways. Res can increase the expression of Nrf2 through suppression of the inhibitory signaling pathway such as Akt/ERK1/2.

Fig. 3. Res acts as the activator of the Nrf2/ARE pathway and consequent decreases oxidative stress and inflammation. As shown, activation of Nrf2/ARE by Res
stimulates the expression of HO-1 and thereby suppresses the inhibitory effect of NF-Kβ on antioxidants and also its stimulatory effect on inflammatory cytokines.
Additionally, Nrf2/ARE activation increase the expression of SIRT1/AMPK leading to a decrease in the inflammatory cytokines. Altogether, these events increase the
resistance of the cells to oxidative stress.
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