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Abstract: Juices, wine, coffee, and cocoa are rich sources of natural polyphenolic compounds that have
potent antioxidant activities proven by in vitro and in vivo studies. These polyphenolic compounds
quench reactive oxygen and nitrogen species (RONS) or reactive free radicals and act as natural
antioxidants which are also able to protect against reactive oxygen species (ROS)-mediated oxidative
damage, which elevates cellular antioxidant capacity to induce antioxidant defense mechanisms by
modulating transcription factors. Nuclear factor (erythroid-derived 2)-like 2 (N1f2) is a transcription
factor encoded in humans. It is activated as a result of oxidative stress and induces the expression of
its target genes. This is one of the most important cellular defense mechanisms against oxidative
stress. However, the oxidative stress alone is not enough to activate Nrf2. Hence phytochemicals,
especially polyphenolics, act as natural Nrf2 activators. Herein, this review discusses the natural
products identified in juices, coffee, cocoa and wines that modulate Nrf2 activity in cellular systems.
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1. Introduction

In biological systems, the balance between the generation and removal of oxidants is required to
restore oxidative balance. If there is an overproduction or unbalanced formation of these oxidants,
this triggers oxidative stress. These oxidants are free radicals of atoms or molecules with an unpaired
single electron which is highly reactive [1]. These highly reactive species could be categorized into
reactive oxygen species (ROS) and reactive nitrogen species (RNS). These oxygen or nitrogen containing
molecules have one or more unpaired electrons in their molecular or atomic orbitals [2]. The hydroxyl
radical (*OH) is the main ROS in biological systems, whose reactivity is much higher than other ROS
like superoxide (O,°*”) and hydrogen peroxide (H,0,), thus reacting quickly at the site or very close
to the site where it forms. RNS is generated when nitric oxide (NO) interacts with reactive oxygen
species like superoxide (O,°7) and hydrogen peroxide (H,O,). The nitrogen containing reactive
species, nitric oxide (NO®), is relatively unreactive, while peroxy-nitrite (ONOO™) is a powerful oxidant
able to damage many biological molecules [3-5]. Nitric oxide can also act as an electrophile to react
with nucleophiles like thiols and amines in the human body. Not only free radicals, but non-radical
species (for example, hydrogen peroxide (H,0O,), hypochlorous acid (HOCI), and hypo-bromous acid
(HOBr) [6]) are also powerful oxidizing agents in biological systems, actively participating in free
radical reactions. Possible ROS or RNS found in biological systems are listed below in Table 1.
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Table 1. Active reactive oxygen and nitrogen species (RONS) in biological systems.

Reactive Oxygen Species (ROS) Reactive Nitrogen Species (RNS)
Superoxide anions (0,°*7) Nitric oxide (NO®)

Hydroxyl radical (*OH) Nitrogen dioxide (NO,*®)

Peroxyl radical (RO,*) Peroxy-nitrite (ONOO™)

Alkoxyl radical (RO*®) Nitroxyl anion (NO™)
Hydroperoxyl radical (HO,*®) Nitrous oxide (NO)

Hydrogen peroxide (H,O,) Nitrogen oxides (NOy, N,Oy4)
Hypochlorous acid (HOCI) Nitrous acid (HNO,)
Hypobromus acid (HOBr) Peroxynitrous acid (HNO3)

S-nitrosothiols (RSNO)
Fe-dinitrosyl complexes

Generation of these reactive species (RONS, both ROS and RNS) in the cells is due to
many enzymatic actions, e.g., enzymes that utilize oxygen as a substrate: nicotinamide adenine
dinucleotide phosphate oxidase (NADPH-oxidases), xanthine oxidoreductase (XO), lipoxygenase (LOX,
lipid-peroxidizing enzymes), myeloperoxidase (MPO), nitric oxide synthase (NOS), and cyclooxygenase
(COX) [7,8]. Among these, more than 90% of RONS are generated during the mitochondrial oxidative
phosphorylation in the mitochondrial respiratory complex. In this process oxidation of NADH or
FADH (the reduced form of flavin adenine dinucleotide) generates energy for protons. These produced
electrons react directly with oxygen and electron acceptors and generate RONS [9]. The generation of
RONS in the extracellular enzymes is developed as a defense mechanism to kill bacteria. However,
the production of excess amounts of RONS may also induce deleterious effects in the biological
systems. Another set of enzymes releases RONS intracellularly as a byproduct of metabolic processes.
For instance, superoxide (O,°7) is released as a byproduct of mitochondrial respiration and the
monooxygenase activity of cytochrome p450 [8,10]. Production of a high amount of RONS in the cells
will cause severe damage to different kinds of important biomacromolecules such as carbohydrates,
proteins, nucleic acid (DNA, RNA), and lipids [11,12]. This process is referred to as oxidative stress.
Thus, altering the normal redox balance in cellular systems leads to increased oxidative stress. RONS
induced oxidative stress has been reported to cause several leading diseases, such as diabetes mellitus,
neurodegenerative disorders (Parkinson’s disease, Alzheimer’s disease, Huntington’s disease, multiple
sclerosis, Cerebral ischemia), cardiovascular diseases (atherosclerosis and hypertension), respiratory
diseases (asthma), cataract development, rheumatoid arthritis, and cancers (colorectal, prostate, breast,
lung, bladder cancers) [8,13]. On the other hand, if RONS production is too low, reductive stress occurs,
which can cause pathogenesis including cancer and cardiomyopathy [14] (Figure 1).

1.1. RONS in Cellular Signaling

Amidst these deleterious effects of RONS, they are now recognized as important in cell
signaling and biological processes for induction of defense genes, activation of transcription factors,
phosphorylation of kinases, and mobilization of ions in transport systems. It is found that cellular
signaling is mainly due to the presence of O,°~ and H,O, as ROS and NO®* and ONOO™ as RNS [8,15].
These RONS are mainly responsible for the promotion of cell proliferation and apoptotic pathways
for the proper regulation of the cell cycle and programmed cell death [16,17]. In cancer, cancer
cells drive redox signaling reactions by elevating RONS levels to continue proliferation [18]. As an
immune response also, a high level of RONS activates the inflammasomes: the surveillance receptors
which are required to release proinflammatory cyto-kinases as an appropriate immune response [19].
Low level of RONS prevents the activation of immune response and leads to immunosuppression [20].
In cardiovascular systems, the generation of RONS together with NADPH-oxidase is important to
maintain the functions of endothelial and vascular smooth muscle cells, inflammation, cell growth and
proliferation, modulation of extracellular matrix production, apoptosis and angiogenesis [21,22].
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Figure 1. Production of excess or insufficient amount of RONS in the biological systems will leads to

oxidative stress or reductive stress, respectively, and related diseases. Though RONS cause detrimental
effects to the biological systems, they are important as cellular signaling inducers. As a result, RONS
could activate transcription factors like Nrf2 and induce antioxidant genes. This process will restore
the equilibrium of reactive species in biological systems.

Biological systems are made up of systems for balancing the negative effects caused by reactive
species and related oxidative stress. For this, the biological system has its own defense mechanism to
quench harmful radicals before they attack the cells. These defense mechanisms include scavenging
of active radicals enzymatically (superoxide dismutase (SOD), catalase (CAT), ascorbate peroxidase
(APX), guaiacol peroxidase (GPX), glutathione reductase (GR), monodehydroascorbate reductase
(MDHAR), and dehydro-ascorbate reductase (DHAR) or non-enzymatically (ascorbic acid, reduced
glutathione, a-tocopherol, carotenoids, flavonoids etc., which are defined as antioxidants), chelating
with metals, and activation of genes that encodes defensive enzymes, transcription factors, and structural
proteins [16,23]. Specifically, RONS play a crucial role in activating transcription factors and their
encoded defensive enzymes. Since RONS molecules are small, they can easily penetrate the plasma
membrane and can directly act on the catalytic receptors or cellular signal inducers leading to the
activation of transcription factors. Therefore, as a cellular defense mechanism against oxidative
stress, the elevated RONS stimulate the gene expression which produces antioxidant enzymes [24].
In this review we mainly focus on cellular defense against oxidative stress by gene expression and the
Nrf2 pathway.

The Nrf2/ARE (Nuclear factor (erythroid-derived 2)-like 2/antioxidant response element) pathway
is one of the most important cellular defense mechanisms against oxidative stress. It controls
gene expression in which produced proteins are involved in detoxification and elimination of
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reactive species [25]. Nrf2 is a family member of the transcription factors that activate the battery
of cytoprotective genes through ARE, participating in biotransformation, antioxidant reactions,
and inflammation [26].

1.2. Regulation of Nrf2 as a Cellular Signal for Oxidative Stress

Nrf2 is a short-lived protein that acts as a transcription factor for the systemic antioxidant
defense system. It is localized and expressed in the cytosol. Nrf2 up-regulates the expression
of cytoprotective genes involved in antioxidant and anti-inflammatory responses, including heme
oxygenase-1 (HO-1), SOD, NADPH Quinone oxydoreductase enzyme (NQO1), catalase, and enzymes
involved in glutathione metabolism such as glutathione S-transferase (GST), glutathione cysteine ligase
modifier (GCLM) subunit, and glutathione cysteine ligase catalytic (GCLC) subunit [26].

Nrf2 binds to protein Keap1 (Kelch-like erythroid-cell-derived protein with Cap'n’Collar (CNC)
homology-(ECH-) associated protein 1) as a complex in the cytoplasm, where it undergoes ubiquitination
and proteasomal degradation [27]. Under stressed conditions (increased RONS), Nrf2 separates from
Keapl1 (a primary Nrf2 inhibitor) due to the conformational changes and translocates into the nucleus.
There it induces the production of smaller proteins like sMaf proteins and binds to phase 2 of
the antioxidant response element (ARE) in the DNA promoter region [28]. It initiates the protein
expressions involved in response to oxidative stress i.e., reduces oxidative stress. Some antioxidative
enzymes are induced by Nrf2, such as SOD, catalase, GST, NQO1, HO-1, thioredoxin reductase (TrxR),
glutathione reductase (GR), and GST, which detoxify ROS through glutathione regulation [25,26,28-30].
There are many comprehensive review articles dealing with Nrf2 activation, regulation and action,
which provide good insight into Nrf2. Here we have cited some review articles that could be beneficial
for the reader [29,31-33].

Many plant derived natural compounds or extracts have been claimed to have extremely good
antioxidant activity by stimulating the nuclear translocation of Nrf2 [34]. Famous household culinary
ingredients like spices: cinnamon (cinnamaldehyde) [35], rosemary (carnosic acid) [36], turmeric
(curcumin) [37], thyme (thymol) [38], achiote (bixin) [39], ginger (6-dehydrogingerdione) [40], pepper
(methysticin) [41]; vegetables: red onion (quercetin) [42], broccoli, cabbage, kale (sulforaphane),
eggplant (nasunin) [42—44]; beverages: coffee (chlorogenic acid) [42], tea (quercetin, chologenic
acid) [45], wine (quercetin, chologenic acid, resveratol) [46], fruit juices (quercetin, chologenic acid,
4-ethyl catechol) [47]; fruits: grapes (quercetin, chologenic acid, resveratol) [48], mango (mangiferin),
citrus fruits, pomegranate [49], olive (hydroxytyrosol) [46] are potential candidates that activate the
Nrf2 pathway and have proven ability to prevent chemo and neuro degenerative diseases and in
therapy for diseases induced by oxidative stress [50]. These natural compounds can: (i) modify the
Keap-1 proteins by oxidation or alkylation, (ii) inhibit the binding of Nrf2 to Keap-1, and (iii) cause
phosphorylation of Nrf2 by GSK-3 and subsequently proteasomal degradation [51]. Thus, natural
compounds are important and have shown proven ability to activate Nrf2 as a cellular defensive
mechanism. Hence, searching for Nrf2 activators could be a promising strategy for drug discovery.
Figure 2 depicts some natural compounds (phytochemicals) responsible for the activation of Nrf2.

It was found that wine, juices, and other beverages contain large amounts of antioxidants; their
consumption could prevent the activity of RONS, leading to the prevention of oxidative stress-related
diseases [52]. Meanwhile, scavenging or neutralizing these RONS, antioxidants activate the Nrf2
signaling system (Figure 3).

The present review deals with the activation of Nrf2 by the natural components present in juices,
coffee, cocoa, and wines. To the best of our knowledge, this is the first review of Nrf2 activation
by natural chemical entities present in juices, wines, coffee, and cocoa beverages. According to
PubMed, studies on Nrf2 activators from natural products (phytochemicals) are increasing (Figure 4).
This could be the reason why scientists are working tremendously to discover new Nrf2 activators
and develop new drugs or drug leads to combat oxidative stress-related diseases. According to the
recently published report by the US Department of Health and Human Services together with Centers
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for Disease Control and Prevention (CDC), oxidative stress-related diseases like diabetes mellitus,
Alzheimer’s disease, cardiovascular diseases, and cancer are listed among the leading causes of death
in the United States [53]. This review compiles the available data regarding the activation of Nrf2
from popular beverages. The information provided here will be valuable to beverage industries and
stakeholders, as well as for consumers. It will present some scientific validation of the beverages that
we consume without knowing of their importance. Since these data show that the beverages have a
positive impact on oxidative stress-related diseases, it is worth disseminating these findings among
interested parties. Hence, this review will provide a better picture for consumers of the importance of
the consumption of beverages and their impact against oxidative stress-related diseases, as well as for
industries and stakeholders about how to improve their product quality and to know more about their
products with proven scientific evidence.
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Figure 3. Nrf2 activators present in juices, wines, coffee, and cocoa. In cytosol, Nrf2 separates from the
Keapl, and then translocates into the nucleus. In the nucleus, Nrf2 induces the production of smaller
proteins like sMaf, binds to phase 2 of the antioxidant response elements (ARE) in the DNA promoter
region, and initiates the expression of antioxidant genes.
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Figure 4. Exponential interest in the scientific community towards searching for Nrf2 activators from
natural phytochemicals during the last 20 years (2001 to 2019). PubMed database shows that in the first
six months of 2020, there were 35 articles published.
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2. Nrf2 Modulation of Natural Compounds Present in Fruit Juices

It is proved that consumption of a high amount of fruits, fruit juices, and other forms of plant
based foods (such as vegetables and nuts) will reduce the risks of developing many life threatening
chemo- and neuro-degenerative diseases such as cancer and cardiovascular diseases [54]. The absence
of undesirable side effects has promoted consumption significantly. The presence of natural bioactive
phytochemicals such as phenolic, vitamins (e.g., vitamin E), and carotenoids is attributed to their
potential antioxidant activity. Apart from scavenging ability against RONS, these antioxidants
can protect against ROS-mediated oxidative damage by elevating cellular antioxidant capacity [55].
Though there are many reports of fruit juices that were found to be potential candidates for the
prevention of chemo- and neuro-degenerative diseases, the underlying mechanism of action is still
unclear. As a result, studies have been conducted to unveil the mechanism of the Nrf2 pathway.
A number of phenolic compounds abundantly present in fruit juices have been identified and these
could modulate the Nrf2 pathway through translocation of Nrf2 into the nucleus, up-regulation of
antioxidant enzymes, and reduction of RONS.

Citrus sinensis, also known as Washington Navel orange, is chemically rich in carotenoids with
known antioxidant and anti-inflammatory activity, and cellular protective activity against oxidative
stress [56]. Carotenoids like lycopene, phytoene, and (3-carotenes are abundantly found in their
peel and pulp. A study carried out on pasteurized C. sinensis orange juices extracted from pulp
showed significantly increased reduction of ROS, up-regulation of antioxidant enzyme genes such
as GST-4, SOD-4, GCS-1, and HSP-16-2, and resistivity against oxidative stress as a consequence
of high carotenoid content [56]. Anthocyanins are another class of natural phytochemicals called
flavonoids, abundantly found in nature. Anthocyanins in pomegranate are responsible for the
color of the fruit and its biological function is still not fully known [57], although anthocyanins and
hydrolysable tannins isolated from the juices of pomegranate significantly increased Nrf2 expression
in nitrosodiethylamine-induced fibrotic rats [58]. Meanwhile, another study showed that punicalagin
isolated from pomegranate fruit juice increased Nrf2 nuclear translocation, up-regulated HO-1 gene
expression and decreased the generation of RONS. As a result, stress-induced cell death and apoptosis
of IEC-6 cells were significantly reduced [59]. Chlorogenic acid, vanillic acid, syringic acid, trans-ferulic
acid, protocatechuic acid, 4-coumaroylquinic acid, and p-coumaric acid are some of the common
phenolic acids abundantly found in fruits [60]. These natural acids together with flavonoids catechins,
epicatechins, and the epicatechin dimer procyanidin B2 showed strong antioxidant activity, because
of their ability to activate Nrf2 translocation and strong up-regulation of HO-1, GPX2GSR, CAT,
and NQO-1 antioxidant enzymes. Furthermore, it was reported that these phytochemicals identified
in fruit juices like apple and blueberry provided protection against RONS-induced toxicity and were
beneficial to endothelial cell activation and vascular functions [61,62]. Noni is a tropical tree native
to Southeast Asia, Australia, and the South Pacific including Hawaii. Noni is used in traditional
medicine for a diverse range of ailments. Its anti-cancer, anti-inflammatory, and antidiabetic properties
were well known in folklore, but there was a lack of scientific evidence to support the claims [63].
As a result, Chen et al. in 2018 tested different organic extracts of Noni juice against Nrf2 activity.
They found that aqueous and chloroform extracts protect the cells from tert-butyl hydroperoxide
(TBHP)-induced cell damage and significantly decrease TBHP cytotoxicity, apoptosis, and RONS
generation. Meanwhile, nuclear accumulation of Nrf2 and up-regulation of HO-1, CAT, and SOD-1
were also observed [64]. This antioxidant and neuroprotection activity may be due to the presence
of different types of phytochemicals in both fractions, such as high phenolic and flavonoid content
in the chloroform fraction and rich polysaccharides content in the aqueous fraction [64]. This study
showed the neuroprotective activity of Noni extracts and their molecular mechanisms. In two studies
carried out by Senger and Cao on Noni fruit juice, three alkyl catechols, namely 4-ethyl catechol,
4-methyl catechol, and 4-vinyl catechol [47], and a coumarin compound scopoletin [65] were identified
as Nrf2 co-factors. These compounds significantly increased the nuclear translocation of Nrf2 and
the up-regulation of the expression of HO-1 and NQO-1 genes [47,65]. Similarly, vegetable juices like



Beverages 2020, 6, 68 8 of 24

broccoli, sprout, garlic, cabbage juices and betanin from beetroot juice activated Nrf2 translocation and
up-regulation of a panel of antioxidant genes such as GSTP, GSTM, GSTT, NQO-1, HO-1, thioredoxin,
thioredoxin reductase, and NAD(P)H:quinones [66-68]. Phytochemicals present in fruit juices as Nrf2
activators (Figure 5) are listed in Table 2.
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Figure 5. Structures of phytochemicals identified in fruit juices as Nrf2 activators.
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Table 2. List of phytochemicals present in fruit juices as Nrf2 activators.

9 of 24

Sources Bioactive Natural Compound/s Study Observations Therapeutic Indications Reference
.. Chlorogenic acid, 4-coumaroylquinic acid,  In distal colon of mice GPX2, GSR, CAT and in liver GPX1 and NOQ-1 mRNA Protection against ROS
Apple juice . . T S . - [62]
epicatechin, procyanidin B2 were significantly up-regulated. associated toxicity
. . Activation and translocation of Nrf2 and significantly increased the expression Cytoprotective, Anticarcinogenic
Beetroot juices Betanin of GSTP, GSTM, GSTT and NQO-1. Hepatoprotective [69]
L Chlorogemc aCl.d ! VE?I‘IIHIC acid, syrmgic Activated Nrf2 and up-regulation of HO-1 and glutamate-cysteine ligase Beneficial to endothelial cell activity
Blueberry juice acid, trans-ferulic acid, = protocatechuic o - ) [61]
. LT modifier subunit (GCLM) and vascular function
acid, p-coumaric acid
Protected against 3-amyloid peptide —induced cytotoxicity and apoptosis;
. - up-regulated the intracellular glutathione content and mRNA levels or activity .
Broccoli sprout crude juice N/A of HO-1, thioredoxin, thioredoxin reductase (TrxR), Neuroprotective [66]
and NAD(P)H:quinone (NQO-1)
Cabbage and Sauerkraut juice significantly increased the activity of GST and NQO-1; g .
sauerkraut juices N/A translocation of Nrf2 and up-regulation of GST and NQO-1 by both juices. Chemo-preventive [68]
Fruit juice of N/A Increased Keap1 and Nrf2 activity; up-regulation of SOD and GSH and Antidiabetic [70]
Actinidia chinensis down-regulation of ALT and AST diabetic patients Anti-inflammatory
Reduces the ROS in presence of toxic heavy metal Cd; significantly induce the .
Garlic juice N/A SOD and CAT activity; Nrf2 and NQO-1 expression was significantly increased; Prevents hgavy metal (Cd) induced [67]
- S liver damages
HO-1 expression not significant.
Aqueous and chloroform fractions protect cells from tert-Butyl hydroperoxide
N/A (TBHP)—lI}duceq cell dame'ige; significantly decrefnses' the TBHP cytot'ox1c1ty, ROS Neuroprotective [64]
. generation, mitochondrial membrane depolarization and apoptotic; nuclear
Noni fruit juice accumulation of Nrf2 and HO-1, CAT, SOD-1.
4-Methyl catechol, 4-Ethyl catechol, 4-Vinyl  Increased Nrf2 nuclear translocation, expression of HO-1, NQO-1 and glucose Diabetic wound healing -
. . L [47,65]
catechol, Scopoletin 6-phosphate dehydrogenase activity Cytotoxicity
Up-regulated the expression of GCS-1. GST-4, SOD-4, HSP-16.2 genes;
Orange iuice Lycopene, phytoene, all-E-f-carotene, and  significantly increased the ROS reductions, gene expression activation, oxidative Neuroprotective and Suppress [56]
g€) other carotenoids stress resistance; induces GST-4::GFP expressions and increased SKN-1/Nrf2 oxidative stress :
transcription factor.
. . . Decreased in SOD, GST, CAT and membrane-ATPases; significant increase in . . . .
Pomegranate juice Anthocyanin and hydrolysable tannins Nrf2 and NF-kB expression in nitrosodiethylamine (NDEA)-induced fibrotic rats. Liver fibrosis Hepatoprotective [58]
Pomegranate juice Punicalagin Increased Nrf2 translocation and up-regulation of HO-1; decreased the Intestinal injuries 59]

generation of RONS, NO; increased the production of SOD activity

N/A: Not available; Cd: Cadmium.
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3. Nrf2 Modulation of Natural Compounds Present in Wines

The health benefits associated with wines have been documented and its popularity noted since
early Roman days [71]. In vitro and in vivo studies have proven the scientific rationale. These studies
claimed that a certain amount of wine consumption on a daily basis could reduce the risk of
cardiovascular and chronic diseases [72]. Red wine from grapes is one of the most famous beverages
in the world. It is composed of carbohydrates, minerals, water, alcohol, and a notable number of
polyphenols. These polyphenols are the main natural products that account for the reported potential
health benefits [72]. The most important polyphenols present in wine are resveratrol, anthocyanins,
catechins, pro-anthocyanidins, and ellagitannins [73]. These phenolic compounds are mainly found in
pulp/flesh, skins, and seeds that are extracted during the winemaking process [74]. Depending on the
cultivars, climate, harvesting and post-harvesting periods, and winemaking techniques will greatly
affect the polyphenol contents of the grapes [74-76]. Guaita and Bosso [74] recently studied four red
grape varieties and their polyphenolic content. Their results showed that Barbera and Albarossa grape
varieties had a significantly higher number of polyphenols compared to Nebbiolo and Uvalino grapes.
Thus, it is important to mention that, depending on the above factors, the polyphenolic content of
grapes varies, and so does their bioactivity.

In Nrf2 pathway studies, resveratrol was found to be the predominant therapeutically active
candidate for chemoprevention, neuroprotection, improvement of cardiac functions and regeneration,
and protection of brain cells against cerebral ischemia by suppressing oxidative and inflammatory
stress [77-80]. Via molecular mechanisms, resveratrol also enhances the expression of Nrf2 and
up-regulation of NQO-1, HO-1, GST-P1, and GSH [77-79]. Moreover, in a preclinical study conducted
by Bishayee et al. (2010) [81] at a dose of 100 mg/kg, resveratrol reduced liver tumorigenesis and
increased nuclear translocation of Nrf2 in mice. Furthermore, some studies have shown that, apart from
the increased Nrf2 expression, increased redox effector factor-1 (REF-1) which is important in DNA
repairing and redox signaling make resveratrol an excellent target for chemotherapy, stem cell
survival, proliferation, and cell regeneration [82]. Shan et al. also showed that a dose of 20 mM of
resveratrol increased Nrf2 translocation, protected oxygen-glucose deprivation/reoxygenation through
up-regulation of NQO-1land HO-1 genes and increased activity of SOD and GSH [80].

Naturally occurring resveratrol dimers parthenocissin A, quadrangularin A, pallidol,
and dehydro-dimer e-viniferin present in wine have been studied for activation of Nrf2 transcription.
The dimers were capable of selectively quenching only the singlet oxygen (O,) species, but not hydroxyl
or superoxide anions. Only pallidol at a dose of 30 uM activated the Nrf2 activity [83]. Similarly,
e-viniferin more effectively inhibited the platelet-derived growth factor-induced cell proliferation and
migration than resveratrol and less effectively inhibited ROS production and nitric oxide generation.
e-viniferin also increased the expression of the antioxidant enzyme HO-1 via the Nrf2 pathway.
Therefore, e-viniferin is more effective than resveratrol, and collectively both compounds could prevent
atherosclerosis [84]. Further, polyphenolic compounds abundantly found in red wine such as quercetin,
catechin, epicatechin, procyanidin B2, piceatannol, and silibinin, have been reported to protect against
oxidative stress via the activation of the Nrf2 pathway and up-regulation of a series of antioxidant
enzymes HO-1, GSH, NADPH, GST, NQO-1 [85-87], SOD [88], GSTP1 [89], and metallothioneins
1 and 2 (MT-1/2) [90]. The protective mechanisms of pancreatic (3-cells in silibinin were studied in
detail. A dose of 100 mg/kg of silibinin administrated to the Wistar rats for four weeks decreased blood
glucose levels as well as increased the expression of estrogen receptor-a (ER-«), Nrf2, and HO-1 in
pancreatic 3-cells. Silibinin at 10 pM increased insulin biosynthesis and secretion and decreased the
production of ROS. Therefore silibinin used therapeutically could improve the glucose homeostasis in
diabetic patients [91]. Similarly, a dose of 10 uM of piceatannol was used to study neuroprotective
potential. The expression of HO-1 via Nrf2 activation was increased and phenolic piceatannol was
found to be a good candidate for the protection of neurons [92].

Weng et al. [90] have studied structurally diverse flavonoids such as flavanols: quercetin, morin,
rutin; flavone: luteolin; flavanone: naringenin, naringin, hesperidin; and flavanol: catechin for their
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chemo-preventive mechanism. Of these flavonoids quercetin, morin, and rutin showed significant
in-vitro antioxidant activity, which correlated with the flavonoid induced metallothionein expression
in HepG2 cells. Furthermore, the observed correlation may be due to structural variations, such as the
presence of phenolic hydroxyl groups that stabilize the scavenging activity [90].

Apart from red wine, other wines such as raffia palm (Raphia hookeri) wine, Makgeolli lees (ML)
fermented raw rice wine, yellow rice wine, and Chinese Jing liquor also showed protective effects
against oxidative stress through Nrf2 activation [93,94]. They enhanced the translocation of Nrf2
into nuclei, which up-regulated the expression of NQO-1, HO-1, GPX, SOD, CAT, and peroxiredoxin
3 and 4 enzymes [93,94]. Chinese yellow rice wine is one of the oldest wines in the world [95].
The polyphenolics present in yellow rice wine were beneficial against cardiovascular diseases. A dose
of 30 mg/kg was effective in preventing doxorubicin-induced cardiotoxicity through the activation
of Nrf2 signaling pathway [96]. A study of Chinese Jing liquor, one of the most popular health
beverages in China, revealed the presence of a broad spectrum of bioactive metabolites including 189
natural phytochemicals. All the compounds were assayed for their Nrf2 luciferase activity. The crude
extract increased the Nrf2/ARE luciferase activity. Eighteen compounds activated Nrf2, among which
calycosin, ethyl ferulate, and two cinnamic acid derivatives (I and II) strongly activate the Nrf2 reporter
activity at 40 pg/mL [97]. Phytochemicals present in wine (Figure 6) as Nrf2 activators are listed in
Table 3.

Pallidol
(Z)- Parthencissin A
(E)- Quadrangularin A

OH
o
OH CHy
O HO 0 " 0
0 S -
OH OH
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nero Ko on @;Q
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4 o O 0 OH O Hesperidin
HO 9
iy OH 0 0
Naringin NN Ra
CHB Ry Rs
Ry
HO Ri Ry Ry Ry

Ethyl ferulate Et H OCH; OH
Cinnamic acid derivativel Et OH H OH

Calycosin . ¢ N N
Y Cinnamic acid derivative Il Et H H  OH

Figure 6. Structures of phytochemicals identified in wine as Nrf2 activators.
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Table 3. List of phytochemicals present in wine as Nrf2 activators.
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Source Bioactive Natural Compound/s Study Observations Therapeutic Indications Reference
Chinese Jing wine Cglycos@, thyl fe.:ruléte and two Crude extract mcreasefi Fhe Nrf2-ARE reporter activity by seven—eight fold; strongly activates the Cytotoxic [97]
cinnamic acid derivatives Nrf2-ARE reporter activity.
. Decreased the production of intercellular ROS generated in 1,1’-dimethyl-4,4’-bipyridinium -
?::rii:t)ilcll lreae; (rl;/gg)wine N/A dichloride toxicity; up-regulation of expression and translocation of Nrf2 and ARE-GFP reporter E’Kggﬁesfo(i:éii:ve stress [94]
activity; up-regulation the expression of NQO-1, HO-1, GPX, SOD, CAT, peroxiredoxin 3 and 4. P
Raffia Palm (Raphia Up-regulation of Nrf2 expression in diabetic brain cerebellar cortexes; significantly increased GSH, S
hookeri) wine N/A SOD and CAT activity. Antidiabetic 931
Significant decrease in hepatic lipid peroxidation, protein oxidation and expression of nitric oxide
Resveratrol synthase and 3-nitrotyrosine. Dose of 100 or 300 mg/kg increased in Nrf2 mRNA expression in Chemo-preventive [81]
diethyl nitrosamine induced liver tumorigenesis
Enhanced expression of Nrf2 and redox effector factor-1 (Ref-1) enhanced by resveratol; enhanced Improved cardiac function 182]
stem cell survival, proliferation and regeneration by expression of EGFP. and regeneration
Dose of 20 mM protects against oxygen-glucose deprivation/reoxy-generation; activation of Nrf2 via .
upregulation of NQO-1 and HO-1; increase in SOD and GSH activity Neuroprotective (801
Protect brain against cerebral
Activation of Nrf2 via up-regulation of NQO-1, HO-1, GST-P1, GSH ischemia, suppress oxidative [77-79]
and inflammatory stress
Part'henoassm A, quaflrangularm A,  Selective singlet OXygen scavengers; deactivate hydroxyl or superoxide anions; pallidol activates Selective ROS scavengers 83]
pallidol (resveratrol dimer) ARE-dependent firefly luciferase reporter gene at 30 uM dose
e-Viniferin (dehydro-dimer Inhibited platelet-derived growth factor-induced cell proliferation, migration, and ROS production, = Prevent atherosclerosis [84]
Wine of resveratrol) inducing nitric oxide (NO) generation; activation of Nrf2 and up-regulation of HO-1 and anti-proliferative
Silibinin Dose of 100 mg/kg'mduces jthe u'p-re'gulanon ,Of estrogen r'eceptor-oc (ERo), Ner and HO-1 in Antidiabetic [91]
pancreatic 3-cells; increase insulin biosynthesis and secretion and decrease in ROS.
. Dose of 10 uM activates the expression of HO-1 via Nrf2 activation; protected neuronal cells against .
Piceatannol glutamate-induced cell death by inducing HO-1 Neuroprotective [92]
Cytoprotective,
Catechin, epicatechin Activation of Nrf2 and up-regulation of HO-1, GSH, NADPH, GST, NQO-1. protect brain cells against [85-87]
cerebral ischemia.
Activation of Nrf2 and translocation to the nucleus in mice model for traumatic brain injury; . . .
. . . . A . . Protection from traumatic brain
Quercetin prevention of changes in cell morphology, apoptosis, activation of Nrf2 and increased expression of iniury, Neuroprotecti [83,88]
HO-1 and SOD in galactose induce mice neurotoxicity jury, europrotective
Nuclear translocation of Nrf2 and up-regulation of expression of the glutathione S-transferase P1 Prevention of oxidative stress
Procyanidin B2 (GSTP1), extracellular signal-regulated protein kinases (ERKs) and the p38 mitogen-activated protein  related intestinal injury and [89]
kinase (MAPK) gut pathologies.
Quercetin, epicatechin, morin, rutin, Quercetin is the strongest antioxidant and induce the expression of Metallothioneins 1 and 2
luteolin, naringenin, (MT-1/2); induces the transcriptional MT via the activation of JNK, p38 and PI3K/Akt signaling Hepatoprotective [90]
naringin, hesperidin pathways; increased nuclear translocation of Nrf2 and DNA-binding activity
Dose of 30 mg/kg of polyphenols improved doxorubicin (DOX)-induced cardiac dysfunctions;
Yellow rice wine Polyphenols prevent mitochondria-mediated cardiac apoptosis; down-regulation of transforming growth factor ~ Cardioprotective [96]

beta 1 pathway by promoting Nrf2 translocation.
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4. Nrf2 Modulation of Natural Compounds Present in Coffee and Cocoa

Coffee, tea, and cocoa-containing beverages are known to have potential antioxidant activity
due to the presence of rich flavonoid and polyphenolic compounds. A cup of coffee contains
about 200-500 mg of polyphenols, 150-200 mg in a cup of tea, and 200400 mg in 100 g of cocoa
powder [98]. Therefore, these beverages make a significant contribution in terms of phenolic intake
for the human diet [98,99]. Coffee contains a large number of polyphenolic compounds such as
chlorogenic acid, ferulic acid, p-coumaric acid, and caffeic acid. Ten grams of coffee per cup of brew
contains about 325 mg of chlorogenic acid [100]. Similarly, the polyphenols present in cocoa are
catechins, procyanidins, and anthocyanidins which account for its antioxidant activity [100]. Similar
to other foods and beverages, the mechanism of these natural polyphenols in the prevention of
chemo- and neuro-degenerative diseases have not been fully revealed although many research studies
have been carried out. Since the consumption of coffee, tea, wines, and cocoa-containing products
such as chocolates and chocolate drinks are very popular globally, it is worthwhile to review the
epidemiological studies carried out so far. The polyphenolic compounds present in these beverages
vary, but they are mainly epicatechins in green teas; epicatechins and tannins in black teas; catechins,
procyanidins, and anthocyanins in cocoa; and chlorogenic acids, caffeic acid, and melanoidins (high
molecular weight nitrogenous polymeric and brown-colored compounds) in roasted coffee [100,101].
In biological systems, the polyphenols show dual actions to maintain the oxidative balance. As a direct
antioxidant, they quench the RONS and make them less harmful. On the other hand, they enhance the
production of hydroxyl radicals to stimulate cellular signaling. As a response, the biological system
will react to the cellular injury [2]. Table 4 summarizes the major polyphenols isolated from coffee, tea,

and cocoa (Figure 7) and how they behave in the Nrf2 pathway.

HO” \COOH HO" COOH
4-Caffeoylquinic acid

COOH

3-Caffeoylquinic acid 5-Caffeoylquinic acid

OH
0]
OH Y\/Q:OH ﬁA/()i

e 0 %
HO g e HOOC _
HOOC HOOC
OH
OH
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3,4- Dicaffeoylquinic acid 4,5-Dicaffeoylquinic ac1d

OH cHy cH, OH

OH N H3CL )t

§6} @ o "0
N-Methylpyridinium Pyrocatechol
Cafestol Kahweol YiPY
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Figure 7. Structures of phytochemicals identified in coffee and cocoa as Nrf2 activators.
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Table 4. List of phytochemicals present in coffee and cocoa as Nrf2 activators.

14 of 24

Bioactive Natural

Sources Study Observations Therapeutic Indications Reference
Compound/s
Nuclear translocation of Nrf2, expression of Nrf2 target genes: nuclear respiratory factor 1 (Nrf1),
Catechin GA bmdmg.protem 'tran.scrlptlon factor alpha subunit (GABPA), Evzssentlavl genes fovr increasing ) o etic [116]
mitochondrial function, improve cellular redox state, mitochondrial respiration, stimulates
glucose secretion and B-cell function
Antidiabetic, prevention of
Cocoa: oxidative stress,
Cocoa Decreased ROS production; activated nuclear Nrf2 without up-regulation of GPx, SOD1, HO-1 4 .
. . . . o O cerebro-protection (brain neuro
Cocoa/tea Epicatechin and GR activity, promotes cell protection and survival; did not alter HO-1 expression, inhibition . . : [117-119]
. . protection), ischemic heart
of activator protein 1 (AP-1) . . R .
diseases, ischemic brain
diseases (stroke)
Nuclear translocation of Nrf2 and up-regulation of expression of the glutathione S-transferase P1 ~ Prevention of oxidative stress
Procyanidin B2 (GSTP1), extracellular signal-regulated protein kinases (ERKs) and the p38 mitogen-activated related intestinal injury and [89]
protein kinase (MAPK) activity. gut pathologies
Activation of Nrf2 and up-regulation of HO-1, NQO-1, and GCLC. Reduces liver abnormalities, Hebpatoprotection
Chlorogenic acid and activation of NLR3 inflammasomes; activation of Nrf2 and up-regulation of HO-1, NQO-1, Neﬁro I;otec tive . [102,103]
glutathione, thioredoxin reductase 1 (TrxR), and thioredoxin 1. P
Pyrocatechol Activation of Nrf2, inhibition of NF-kB, up-regulation of HO-1 and NQO-1 genes Anti-inflammatory [120]
5-O-Caffeoylquinic acid Increased Nrf2 translocation and up-regulation of NQO-1 and glutathione-S-transferase-«1 .
N-methylpyridinium (GSTA1) and increased GST activity Chemo-preventive (112/121]
. . . e Cardioprotective
Cafesterol Decreaged p'rocluctlon of ROS, trar}slocahon of‘Nrf'Z and up-regulation of HO—}, 1gh1b1t1on of Cancer therapy, Anti-angiogenic  [105,109,110]
redox signaling and cell proliferation; Nrf2 activation, gsrD1-GFP reporter activation . , :
Parkinson’s, Neuroprotection
Coffee: 3-CQA (caffeoylquinic acid)
Coffee/tea B calleoyiquinic acict), diCQA show greater free radical scavenging activity and Nrf2 activation; up-regulation of genes . L
Coffee (raw and roasted) Siggi’;fé}A’A related to Nrf2 expression: GSH, HO-1, NQO-1 Prevention of oxidative stress [104,122]
Coffee/regular /4/3,5/4,5-diCQ
coffee/decaffeinated coffee Up-regulation of NQO-1, GSTA1, UDP-glucuronosyl transferase 1A6 (UGT1A6) and the Chemo-preventive
Coffee Cafesterol glutamate cysteine ligase catalytic (GCLC) activity and Nrf2 nuclear translocation; induction of mop! .
. . . Anti-carcinogenic, [107,108,111]
Kahweol enzymes: glutathione S-transferases, glucuronosyl S-transferases, increased expression of Bone diseases
gamma-glutamyl cysteine synthetase and HO-1
Kahweol Reduced production of ROS, suppress the effects of H,O, on oxidative phosphorylation, Prevention of oxidative stress, [123,124]
activation of caspase-3 protein, up-regulation of HO-1 and Nrf2 Neuroprotection o
Induce HO-1 activity and Nrf2, modulate Keap1/Nrf2 interaction via increasing p62 expression. Antiviral,
Caffeic acid Up-regulation of N?f,2/e1ectro il'le responsi ezlement (EpRE) &P F * Anti-inflammatory, [113,114]
prreguiat pit ponsty P Antidiabetic
Caffeine Decreased intercellular ROS, catalase activity, up-regulation of nuclear Nrf2, Prevention of oxidative stress [115]
Scopoletin Activation of Nrf2, catalyzing methylglyoxal to lactic acid, inhibits glycation end products Antidiabetic [125]
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Chlorogenic acid and its derivatives 3-CQA (caffeoylquinic acid), 4-CQA, 5-CQA, 3,4-diCQA,
3,5-diCQA, and 4,5-diCQ activate antioxidant enzyme genes such as HO-1, NQO-1, glutathione,
thioredoxin reductase-1 (TrxR), and thioredoxin-1 [102-104]. In cocoa, catechins, epicatechins and
procyanidin B2 have been studied for their Nrf2 activity. While activating the antioxidant enzymes in
the Nrf2 pathway, these compounds reduced the production of RONS, improved cellular redox state,
and modulated the mitochondrial function. Moreover, there are different preparations of coffee, cocoa,
or tea in different countries. A study conducted by Richelle et al. (2001) reported that coffee, cocoa,
or tea do not have any effect on antioxidant activity when consumed with milk [100]. Light roasting will
degrade the polyphenolics and, as a result, antioxidant activity decreases [100]. Similarly, caffeinated
and decaffeinated coffee have the same effect on cellular signaling and antioxidant activity [100].
Trinh et al. (2010) identified cafestol from caffeinated and decaffeinated coffee, which is one of the
natural products triggering Nrf2 translocation into the nucleus [105]. Cafestol is a diterpenoid made
up of four Cs isoprenyl units. Terpenoids represent a structurally diverse and biologically highly
active class of compounds in natural products. The only structural difference between cafestol and
kahweol is the presence of one conjugated double bond (C=C) on the furan ring in kahweol [106].
Both compounds have the ability to activate Nrf2 translocation by activating antioxidant enzymes and
inhibiting RONS production in cellular systems [107-110]. Moreover, kahweol increased the expression
and up-regulation of phase II antioxidant enzymes more significantly than cafestol [111]. A study of
green coffee and roasted coffee identified 5-CQA and N-methylpyridinium respectively as the major
metabolites. These compounds showed increased nuclear translocation of Nrf2 and ARE dependent
antioxidant genes NQO-1 and GSTA-1 in HT29 cells [112]. Chlorogenic acid, caffeine, and caffeic acid
are some of the key bioactive metabolites in coffee. Studies conducted on these metabolites from coffee
show that these compounds have potential therapeutic applications as anti-inflammatory, antidiabetic,
and in cancer therapy. Supplementation of these compounds activated Nrf2 translocation and
expression of HO-1 and CAT proteins, decreased the generation of intercellular RONS, and modulated
the interaction between Keap1 and Nrf2 via p62 expression [113-115].

5. Nrf2 Inhibitors from Beverages

Though the activation of Nrf2 has been studied extensively and found to be important in chemo-
and neuro-preventive diseases, the dark side of Nrf2 has been identified—substantial overexpression
of Nrf2 resulted in enhanced resistance of cancer cells to chemotherapeutic drugs. The prolonged
expression of Nrf2 inhibits nuclear accumulation, which prevents Nrf2 dependent gene expression.
This increased expression of Nrf2 might cause chemo-resistivity, hyperkeratosis of the upper digestive
tract, metastasis, atherosclerosis, and cancer progression [126-128]. Hence, in cancer biology Nrf2
is considered as a double-edged sword [127]. It was found that high Nrf2 levels were produced
as a result of mutations of Keapl. This is frequent in lung, head, neck, and bladder cancer tissues
and, therefore, develops chemo-resistance and cancer proliferation [51,126,128,129]. These studies
concluded that Nrf2 is an important transcription factor in the early stages of some cancers and when
it progresses over-expression of Nrf2 in cancer cells will become resistant to cancer treatments (chemo-
and radiotherapy). Thus, inhibiting Nrf2 could have potential applications in cancer therapy [51,129].
Particularly in beverages, very few molecules have been identified as Nrf2 inhibitors. Ascorbicacid (fruit
juices) [130], apigenin (coffee, tea, fruit juices) [131], epigallocatechin 3-gallate (tea) [132], trans-retinoic
acid (juices of fruits, vegetables) [133,134], luteolin (tea, juices of fruits, vegetables) [135,136] and
trigonelline (coffee) [137] are reported to have Nrf2 inhibitory activity (Figure 8). These phytochemicals
reduced Nrf2 activation, selectively downregulated the mRNA and protein levels in biological
systems, degraded Nrf2, suppressed the expression of Nrf2-HO-1 genes, decreased the binding ability
of Nrf2-ARE and HO-1-ARE luciferase activity, and reduced the expression of ARE-driven genes,
leading to sensitization to therapeutics [51,130-133,135-137]. Although studies showed that the
above-mentioned polyphenols inhibited Nrf2 activity, it is important to understand the mechanism of
action and to further study their selectivity for Nrf2 inhibition.
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Figure 8. Structures of phytochemicals identified as Nrf2 inhibitors from coffee, juices, and tea.

6. Conclusion and Future Perspectives

Natural products play a central role in the drug discovery process regardless of their source.
Plant phytochemicals have been extensively studied for centuries due to their beneficial biological
properties and abundance in nature. The production of reactive species as a result of oxidative stress
is the main cause of many chronic diseases. Phytochemicals play a major role in scavenging these
reactive species. The availability and position of phenolic hydroxyl groups stabilize free radical
scavenging activity. Since these phenolic hydroxyl groups are electron donor groups, they enhance
antioxidant activity. In cellular systems, the Nrf2/ARE pathway is important to maintain the oxidative
balance as well as to express the phase II antioxidant enzymes. Therefore, as a result of oxidative
stress, transcriptional activation of Nrf2 antioxidant target genes will take place as a protective action.
Hence, the Nrf2 pathway is considered a cellular survival pathway. Antioxidant natural products
could break the specific interaction between Keap1 and Nrf2 and translocate the Nrf2 into the nucleus.
As a result, this induces the production of smaller proteins and binds to ARE in the DNA promoter
region, which initiates phase II protein expressions as a response to oxidative stress, i.e., reducing
oxidative stress. Studies have shown the importance of phytochemicals and their impact on Nrf2 as a
therapeutic approach for chemo-, inflammatory, and neurodegenerative diseases. On the other hand,
the abnormal activation or accumulation of Nrf2 can cause adverse effects. This is common in many
tumors, which gives cancer cells a selective advantage and is associated with malignant progression,
chemo-resistance and poor prognosis. Hence, it is worth mentioning that Nrf2 activators could be
used for the prevention of chemical carcinogenesis, whereas Nrf2 inhibitors could be used for cancer
treatment. Therefore, it is important to study both Nrf2 activators as well as inhibitors in detail.

Fruit juices, wine, and beverages like coffee, tea and cocoa are the most popular drinks in the
world. Many studies have shown their potential antioxidant activity because of the presence of high
flavanoid/phenolics content. Fruit juices, wine, and other above-mentioned beverages are also a main
source of phenolics in our diet. Therefore, the consumption of these beverages as a dietary supplement
is an important part of keeping a healthy lifestyle, which could positively influence our health and
lifespans. Meanwhile, manufacturers should pay attention to which products are rich in Nrf2 activators
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and which contain Nrf2 inhibitors. Consumers should choose beverages cautiously according to their
own health conditions because different beverages contain different Nrf2 modulators.
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