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Abstract: Nrf2 (nuclear factor erythroid 2-related factor 2) and NF-«B (nuclear factor-kappa B)
signaling pathways play a central role in suppressing or inducing inflammation and angiogenesis
processes. Therefore, they are involved in many steps of carcinogenesis through cooperation with
multiple signaling molecules and pathways. Targeting both transcription factors simultaneously
may be considered an equally important strategy for cancer chemoprevention and therapy. Several
hundreds of phytochemicals, mainly edible plant and vegetable components, were shown to activate
Nrf2 and mediate antioxidant response. A similar number of phytochemicals was revealed to affect
NF-«B. While activation of Nrf2 and inhibition of NF-kB may protect normal cells against cancer
initiation and promotion, enhanced expression and activation in cancer cells may lead to resistance
to conventional chemo- or radiotherapy. Most phytochemicals, through different mechanisms,
activate Nrf2, but others, such as luteolin, can act as inhibitors of both Nrf2 and NF-«B. Despite many
experimental data confirming the above mechanisms currently, limited evidence exists demonstrating
such activity in humans. Combinations of phytochemicals resembling that in a natural food matrix
but allowing higher concentrations may improve their modulating effect on Nrf2 and NF-«B and
ultimately cancer prevention and therapy. This review presents the current knowledge on the effect
of selected phytochemicals and their combinations on Nrf2 and NF-«B activities in the above context.

Keywords: Nrf2; NF-«B; inflammation; naturally occurring compounds; cancer chemoprevention;
cancer therapy; polyphenols; phytochemical combinations

1. Introduction

Dysfunction of the tumor microenvironment is related to at least 30% of cancers.
Inflammatory cells, macrophages, neutrophils, or lymphocytes, the elements of the mi-
croenvironment, possess the ability to generate highly reactive species, which directly
damage DNA and lead to the initiation of carcinogenesis and subsequently promote the
clonal growth of the initiated cells [1]. Inflammatory cells also contribute to the process of
angiogenesis. Therefore, targeting chronic inflammation and angiogenesis is considered
an important strategy of both cancer chemoprevention and therapy. Nrf2 (nuclear factor
erythroid 2-related factor 2) and NF-kB (nuclear factor—kappa B) signaling pathways, acti-
vated by various stimuli, play a central role in suppressing or inducing inflammation and
angiogenesis processes.

Moreover, although Nrf2 and NF-«B transcription factors are directly involved in
many steps of carcinogenesis, cooperation with multiple other signaling molecules and
pathways may ultimately affect cell differentiation and proliferation [2]. Since interference
exists between these two pathways, their concomitant modulation, i.e., induction of Nrf2
and inhibition of NF-«B in normal cells and inhibition of both in cancer cells, may be
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considered the best strategy of cancer chemoprevention and therapy, respectively. Modu-
lation of multiple signaling pathways is an element of the therapeutic approach named
anakoinosis [3]. The concept of anakoinosis is an alternative to conventional chemotherapy,
which is usually based on a single target or focused on a single area of the tumor and can
equally be applied in chemoprevention.

Several hundreds of phytochemicals, mainly edible vegetables and fruits components,
were shown to activate Nrf2 and mediate antioxidant response. One of the first in this
group was naturally occurring and subsequently chemically modified triterpenoids [4].
Similar numbers of phytochemicals were shown to modulate the NF-«B pathway. In this
group, curcumin (diferuloylmethane) was one of the first widely described as an inhibitor
of NF-«B in cancer cells [5]. Among them, only a relatively small amount affected both
pathways, and several of their modulators reached clinical trials level [6].

The activity of these phytochemicals was assessed mainly as single compounds but
also in the natural food matrix. Recently, attempts were made to select the best combination
of naturally occurring compounds for chemoprevention or therapeutic purposes, including
modulation of Nrf2 and NF-«B pathways.

This review focuses on presenting the comparison of the modulating effect of selected
phytochemicals and their combinations on Nrf2 and NF-«kB activities in relation to their
possible chemopreventive or therapeutic applications.

2. Overview of Nrf2 and NF-«B Signaling Pathways and Their Interconnections

The Nrf2 pathway is responsible for cytoprotection. Its activation leads to the expres-
sion of several cytoprotective enzymes and proteins involved in cellular defense against
reactive oxygen species (ROS) and electrophilic species [7].

Therefore, it represents the first line of defense against cancer initiating and promoting
agents. Under normal conditions, Nrf2 is sequestered in the cytoplasm bound to its
repressor Keap1 (Kelch-like ECH associated protein 1). Keap1 is rich in cysteine residues
protein and is divided into five domains [8]. Polyubiquitination by Keap1/Cul3 ubiquitin
ligase leads to rapid Nrf2 degradation by proteasomes [9].

Nrf2 activators, including phytochemicals, such as naturally occurring isothiocyanates,
bind to SH groups of the Keap1 protein, leading to a conformational change precluding
Nrf2 degradation and allowing its translocation into the nucleus. In the nucleus, Nrf2
heterodimerizes with small Maf proteins (MafF, MafG, and MafK) through its bZip domains
and binds to the ARE 5'-GTCACAGTGACTCAGCAGAATCTG-3' target sequence in
DNA [10].

Besides the canonical pathway of activation, Nrf2 can also be regulated by phospho-
rylation. Post-translational modification of Nrf2 by various protein kinases can affect the
release of Nrf2 from the complex with Keap1, its nuclear translocation, and stability [9]. In
one of the mechanisms of the non-canonical pathway of Nrf2 activation, the p62 (SQSTM1)
protein is involved. This protein is an autophagy receptor for protein and mitochondria
degradation. Similar to the interaction of Keapl with Nrf2, p62 protein is able to interact
with Keap1 by the KIR domain in p62. The interaction of Keap1 with p62 induces a depen-
dent autophagy degradation of Keapl and subsequent Nrf2 stabilization and activation in
MEF and HEK?293 cells [11].

The Nrf2 activation dependent on p62 increases the expression of NAD(P)H:quinone
oxidoreductase (NQO1), glutathione -S-transferases (GSTs) and anti-apoptotic proteins
such as Bcl-2 (B-cell lymphoma 2) and Bcl-xL (B-cell lymphoma- extra-large), decreasing
ROS levels and protecting the cell against oxidative stress [10]. However, sustained Nrf2
activation by impairment of autophagy and an increase in p62 phosphorylation promotes
cancer cell proliferation. Mutations in the KIR domain in p62, which prevents Keap1-p62
interaction, is associated with a ROS increase [10,12]. Epigenetic mechanisms, such as Nrf2
or Keapl promoter methylation and microRNA have also been implicated in the complex
regulation of Nrf2 pathway activity [9].
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Although Nrf2 pathway plays an essential role in maintaining cellular redox and
electrophilic homeostasis, it was also demonstrated that Nrf2 is overexpressed in cancer
cells and may contribute to increased proliferation, invasion, and chemoresistance [13].
Several mechanisms are involved in the prooncogenic activation of the Nrf2 pathway in
cancer cells and include both genetic alterations and epigenetic changes [14]. Evidence
exists that this pathway is associated with the proliferation of cancer cells through metabolic
reprogramming [15].

Thus, induction of Nrf2 activation by phytochemicals in normal cells or at the early
stages of carcinogenesis is an important strategy of chemoprevention. In cancer cells, the
naturally occurring inhibitors of this pathway are desired.

While Nrf2 protects against reactive species and, in general, inflammatory insult,
NF-kB plays a crucial role in inflammatory response and production of pro-inflammatory
molecules, including cytokines and enzymes such as cyclooxygenase-2 (COX-2) and in-
ducible nitric oxide synthetase (iNOS). These enzymes are involved in the promotion of
carcinogenesis as well as angiogenesis. NF-«B is found in immune cells such as neutrophils
and is an important anti-apoptotic transcription factor. Moreover, it is essential for the
development of lymphocytes [16].

The NF-«kB protein family is composed of five structurally related members, including
NEF-«kB1 (also named p50), NF-kB2 (also named p52), RelA (also named p65), RelB, and
c-Rel, which mediates transcription of COX-2 and iNOS, its major target genes, by binding
to a specific DNA element, kB enhancer, as various hetero- or homo-dimers [17]. Dimer
p50/p65 is the most common active form of NF-kB. In this complex, the p65 subunit is
responsible for initiating transcription, while the p50 subunit serves only as a helper in
NF-«B DNA binding [17,18]. In a normal state, the NF-kB subunits are sequestered in the
cytoplasm by inhibitory proteins, mainly IkB family members, and similarly as Nrf2, which
can be activated by canonical and non-canonical mechanisms [12].

In the canonical pathway, activation of the IkB kinase (IKK) complex leads to phos-
phorylation and ubiquitination of IkB and subsequent degradation by 26 s proteasome.
The released active dimers migrate into the nucleus and activate the transcription of the
target genes [19].

The noncanonical NF-«B activation does not involve IkBa degradation, but instead
relies on the processing of the NF-kB-precursor protein, p100, and is a selective response
to a specific group of stimuli, including ligands of a subset tumor necrosis factor receptor
(TNFR) superfamily members such as LTBR, BAFFR, CD40, and RANK [12].

In the nucleus, the active NF-kB complex binds to its target of the 5'-GGGRNYY
YCC-3' sequence [20] and connects with the basal transcriptional machinery. Its association
among the others with AP-1 (c-Jun/c-Fos complex) and chromatin remodeling proteins,
such as CREB-binding protein (CBP) and p300 is also possible [21].

Several factors influencing NF-kB activation and nuclear translocation may be re-
sponsible for the diversity of NF-kB and sometimes opposing roles as a pro- and anti-
inflammatory mediator [16]. In this regard, NF-«B is well-known for providing cancer
cells with a survival advantage by upregulating anti-apoptotic genes. Moreover, there is
reciprocal cross-talk between NF-kB and autophagy in cancer. Therefore, NF-kB can either
promote or repress tumorigenesis, depending on the stimulus and the context [22].

Importantly, downregulation of NF-«B negatively interferes with the Nrf2 signaling
pathway (Figure 1).

In this regard, Nrf2 reduces reactive oxygen species (ROS) levels and prevents IkB-o
proteasomal degradation and arrests nuclear translocation of NF-kB. Furthermore, up-
regulation of Nrf2 enhances heme oxygenase (HO-1) levels, and a subsequent enhancement
in phase II enzymes expression blocks the degradation of IkB-« [8].

Several pieces of evidence indicated that Nrf2 opposes the NF-«B by clashing with
the transcription co-activator cAMP response element (CREB) binding protein (CBP) [23].
The CBP-p300 complex is responsible for the acetylation of histones and of non-histone
proteins, including Nrf2 and p65 [24]. CBP connects with Neh4 and Neh5 domains of
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Nrf2, leading to the acetylation of the Neh1 domain, which is responsible for DNA-binding.
In addition, CBP interacts with phosphorylated p65 at Ser276, thus in the case with the
overexpression of p65, it inhibits the availability of CBP for Nrf2 connection [25].
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Figure 1. Shematic presentation of crosstalk between Nrf2 and NF-«kB signaling pathways and their activation.

Moreover, genes such as encoding NQO1, glutamate-cysteine ligase catalytic subunit,
and glutamate-cysteine ligase modifier subunit, whose expression is controlled by Nrf2, also
possess NF-«kB binding site. This relationship indicates that Nrf2 and NF-«kB signaling
pathways may cooperate in promoting chemoresistance of cancer cells in response to drugs
treatment [8].

An interesting link between Nrf2 and NF-«B presents glycogen synthase kinase-33
(GSK-3p3). GSK-3f can phosphorylate Nrf2 on tyrosine 568, resulting in activation of
this factor. Furthermore, the same enzyme has been reported to be necessary for the full
transcriptional activity of NF-kB, demonstrating that GSK-3f3 selectively supports the
expression of a subset of genes activated by NF-kB-dependent proliferative signals [26].

Therefore, targeting both signaling pathways by naturally occurring compounds is
considered an efficient strategy of both chemoprevention and supporting conventional
therapy. However, “double faces” of both Nrf2 and NF-«kB must be considered.

3. Phytochemicals as Modulators of Nrf2 and NF-kB Signaling Pathway

The term phytochemicals is usually used to describe chemicals from plants that may
affect health but are not essential nutrients. Considering their chemical structure, the major
representative classes of these compounds are polyphenols, organosulfur derivatives,
terpenoids, and phytosterols.

Polyphenols are a diversified group of phytochemicals and include five major sub-
classes, simple phenols and phenolic acids, hydroxycinnamic acid derivatives, stilbene
derivatives, flavonoids, and polymeric polyphenols such as procyanidins derived from
proanthocyanidins, also named condensed tannins [27,28].

This is the most extensively studied group of phytochemicals, as it illustrates the
growing number of publications, reaching a number of more than 20,000 publications from
2000-2016 [29].

Accumulating evidence indicates that most phytochemicals can target a wide variety
of signaling pathways and molecules ultimately implicated in cellular differentiation, pro-
liferation, and cell death [30]. Moreover, these effects are often related to the modification
of Nrf2 and/or NF-«B pathways (Figure 2) [31].
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Figure 2. Shematic presentation of the activation of Nrf2 and NF-«B pathways. Phytochemicals as single compounds or

their combinations affecting these pathways may act in the early stages of carcinogenesis as chemopreventive agents or

support convention therapy protecting against chemoresistance.

3.1. Phytochemicals and Nrf2-Handling Its Double Faces toward Cancer

The Nrf2 pathway plays mainly a cytoprotective role. Therefore, the effect of phy-
tochemicals on its activation and subsequently the expression of its target genes was the
subject of several studies in the context of prophylaxis of many diseases, particularly with
inflammation background, thus including cancer.

In this regard, activation of Nrf2 was used to measure the outcome of phytochemical
effectiveness in human intervention trials. The recent review by Clifford et al. [32] provided
a systematic summary of the evidence for the administration of dietary phytochemicals to
induce Nrf2 in humans. As single components, two representatives of polyphenols class
of phytochemicals resveratrol and curcumin, sulforaphane-organosulfur derivative and
lycopene-carotenoid were assessed, and total Nrf2 DNA binding level or total Nrf2 gene
expression were evaluated. They concluded that there is insufficient high-quality evidence
indicating that phytochemicals activate Nrf2 in humans. Therefore, it is still critical to
examine if the positive findings reported in cell culture and animal studies are translatable
to humans.

In vitro or in vivo in animal models, the most extensively studied polyphenols were
tea components, particularly epigallocatechin-3-gallate and epicatechin, resveratrol, and
curcumin, along with several other components of fruits, vegetables, and spices.

The results of these studies were described in many comprehensive reviews in the
context of prevention of different diseases, including cancer [27,29,33].

The less explored are specific polymeric polyphenols such as tannins, betalains, pig-
ments derived from betalamic acid, and prenylflavonoids such as xanthohumol. However,
these naturally occurring compounds are also potent modulators of signaling pathways
including Nr2.

In this regard, tannic acid, ester of gallic acid, and glucose was shown to modulate
phase II enzymes which expression is regulated by Nrf2, both in animal models and in cell
cultures in vitro, leading to deactivation of ultimate metabolites of carcinogens. In animal
models, this effect was, to some extent, tissue specific. In cell cultures the anti-or prooxidant
activity related to Nrf2 modulation depended on tannic acid concentrations [34].

Betalains are components of beetroot and have been reported to have high antioxidant
and anti-inflammatory activity in vitro and in vivo in a variety of animal models [35]. The
most extensively studied representative of these compounds is betanin.

The “direct” antioxidant power of betanin, which removes reactive oxygen or nitrogen
species, is related to the hydroxyl group of the phenol residue and the cyclic amine group,
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similar to the phenolic antioxidant ethoxyquin, which are good hydrogen donors and
confers reducing properties to this class of compounds [36].

The influence of betanin on the activation of Nrf2 and the expression of GST isozymes
GSTA, GSTP, GSTM, GSTT, NQO1, and HO-1 was assessed in hepatic non-tumor THLE-2
and hepatoma-derived HepG2 cell lines. The results of this study indicated that betanin
may exert hepatoprotective and anticarcinogenic effects through the activation of Nrf2 and
subsequent induction of the expression of genes controlled by this factor. In addition, the
activation of mitogen-activated protein kinases may be responsible for the activation of
Nrf2 in the THLE-2 cells [37].

Xanthohumol is a prenylated flavonoid that is found within the inflorescence of
Humulus lupulus L. (hop plant). Therefore, it is an important ingredient in beer. Several
studies evaluating the anti-cancer potential of xanthohumol showed its effectiveness in
different cancer models in vitro and in vivo [38], partly via induction of the Nrf2 pathway.
In this regard, xanthohumol increased the expression and led to the activation of Nrf2 in
immortalized normal THLE-2 hepatocytes and a hepatocellular carcinoma HepG2 cell line.
However, in contrast to normal cells, the expression of genes controlled by this transcription
factor was not affected in HepG2 cells, except for GSTA and GSTP. Including Besides the
induction of GSTs and HO-1, Xanthohumol significantly elevated NQO1 expression in
concert with p53 levels in normal hepatocytes. Therefore, the activation of the Nrf2
pathway, and subsequently, phase Il enzymes in concert with p53 induction in normal
hepatocytes may account for the molecular mechanism of the chemopreventive activity of
xanthohumol [39].

Xanthohumol was also shown to exert anti-inflammatory activity through Nrf2 signal-
ing and up-regulation of downstream HO-1 in mouse microglial BV2 cells, suggesting its
role in regulating inflammatory responses in the brain [40]. Xanthohumol, via induction
of AMPK/GSK3[3-Nrf2, signals axis-ameliorated lipopolysaccharide (LPS)-induced acute
lung injury [41].

The differences in the effect of xanthohumol and the other hop-derived prenylflavonoids
in proliferating and differentiated colorectal cancer cells (CaCo-2 cells) were demonstrated.
In the latter, expression of phase II enzymes also showed specificity toward their isozymes,
namely GST [42].

Ursolic acid is a natural triterpenoid found in abundance in blueberries, cranber-
ries, and apple peels. In mouse epidermal JB6P+ cells, this triterpenoid induced the
expression of the Nrf2-mediated detoxifying and antioxidant enzymes HO-1, NQO1, and
UDP-glucuronosyltransferase 1A1. Furthermore, DNA methylation analysis and expres-
sion of the epigenetic enzymes DNA methyltransferases and histone deacetylase revealed
that epigenetic effects may be responsible for Nrf2 induction and activation and potential
beneficial effects of ursolic acid, including the prevention of skin cancer [43].

The above examples refer to activation of Nrf2 activation by phytochemicals. This is
an important chemoprevention strategy.

However, often occurring in cancer cells, overexpression of Nrf2 due to both genetic
and epigenetic mechanisms prompt the searching of naturally occurring compounds that
inhibit its activity and expression to avoid chemo -or radiotherapy resistance.

Among the naturally occurring compounds, flavonoids, luteolin, and apigenin de-
creased Nrf2 mRNA and protein levels in human non-small cell lung cancer NSCLC/A549
cells and hepatocellular carcinoma HCC/Bel-740ADM cells [44,45]. Similarly, procyanidins
prepared from Cinnamomi cortex extract suppressed Nrf2 activity and expression in human
A549 NSCLC cells [46]. Certain Nrf2 inhibitors have been recommended for the treatment
of Nrf2-overexpressed cancers. Among them, the most widely described Nrf2 inhibitor is a
natural quassinoid brusatol, which stimulates poly-ubiquitination of Nrf2 and decreases
the Nrf2 protein level [14].

Recently, a mechanism of Nrf2 inhibition leading to cell death was described for
quercetin, the most extensively studied flavonoid. The experiments were performed
in vivo in human xenograft acute myeloid leukemia (AML) models and in vitro using
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leukemia cell lines and showed that quercetin may induce apoptosis in part by decreasing
Nrf2 nuclear translocation, inducing Nrf2 proteasomal degradation and downregulation of
histone deacetylase HDAC4, which leads to up-regulation of pro-apoptotic miRNAs.

A previous study of the same group showed that quercetin-induced apoptosis, partly
due to its DNA demethylating activity, through inhibition of HDAC and modification of
histone H3ac and H4ac, leads to transcription of genes whose products are involved in the
apoptosis pathway [47].

Therefore, epigenetic regulation of Nrf2 expression and activity may be considered
an important target of phytochemicals acting as inducers or inhibitors of this pathway.
Phytochemicals, such as ursolic acid and quercetin along with curcumin, resveratrol, and
sulforaphane, paved the way to explore this mechanism of Nrf2 modification [48].

In summary, naturally occurring compounds through different mechanisms influ-
ence the Nrf2 pathway and ultimately may contribute to cancer prevention or support
cancer therapy.

3.2. Phytochemicals and NF-xB-Inhibitors Are Needed in Cancer Chemoprevention and Therapy

Although NF-«B is essential for the function of both pro-inflammatory and regulatory
immune cells and can have a dichotomic role on tumoral immunity, depending on the type
of immune cells present in the cancer microenvironment, inhibiting NF-«B activation is an
important strategy of both chemoprevention and chemotherapy [16].

Several phytochemicals, which showed the ability to activate Nrf2 pathway, also
inhibit NF-kB activation.

In this regard, polyphenols representative of all aforementioned subclasses, such
as epigallocatechin gallate, resveratrol, curcumin, luteolin and quercetin as well as the
organosulfur compound diallyl disulfide, were shown to act along with other mechanism
through inhibition of NF-«kB activation [27,31]. These compounds were also clinically
tested [6]. Low bioavailability was indicated as their major limitations.

Curcumin, one of the most extensively studied phytochemicals and one of the first
described inhibitors of NF-kB [49] is an potent anti-inflammatory agent able to protect
against different types of cancers in vitro and in vivo [6].

However, none of double blinded, placebo controlled clinical trials of curcumin have
been successful. The reason may be low bioavailability and stability along with high
reactivity of this phytochemical [50].

Among the less studied polyphenols, tannic acid was demonstrated to inhibit NF-
kB activation and subsequent expression and activity of iNOS and COX-2 enzymes,
the key players of the inflammation process in mouse epidermis stimulated by 12-O-
tetradecanoyphorbol-13-acetate [51]. Betanin and other betalains were shown to be potent
inhibitors of COX-2 expression and activity indirectly indicating the modification of NF-«B
pathway [52]. The effect of xanthohumol on NF-«B activation was shown in pancreatic
cancer cells (PANC-1). This prenylated flavonoid inhibited the NF-«B active complex
binding to DNA and subsequent expression of COX-2 gene [53].

Ursolic acid is described as one of the first inhibitors of NF-«B. Recently, microarray
and CMAP analysis in breast cancer MCF-7 cells showed that ursolic acid may exert anti-
tumor activity by inhibiting IKK/NF-kB along with the RAF/ERK pathway. Reduced
phosphorylation of PLK1 may be involved in this effect [54].

Many other phytochemicals showing anti-inflammatory effects by inhibiting NF-xB
signaling also affect the MAPK signaling pathway. These include curcumin, flavonoid
mangiferin, and sesquiterpene lactone parthenolide [31].

There are many data on the effect of phytochemicals on Nrf2 or NF-kB pathways.
However, relatively less data refer to the influence of the given naturally occurring com-
pounds on both of these pathways in the same model simultaneously. Examples are
presented in Table 1.
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Table 1. Modulation of Nrf2 and NF-kB pathways by selected phytochemicals in vitro and in vivo model.
Phytochemical Source Experimental Model Concentrations Effect on NF-kB Effect on Nrf2 Ref.
1 expression of Nrf2, binding Nrf2
Human pancreatic cancer cells " to DNA and expression of
(PANC-1 cells) 5pMand 10 uM antioxidant enzymes (SOD, (531
NQO1, GSTP)
Xanthohumol/Chalcone Humulus lupulus - —
1 expression of NF-kB, binding
NF-kBp65 and NF-kBp50 to
PANC-1 cells 5 uM and 10 uM DNA, and expression of [53]
COX-2
Human hepatocellular liver 6.25 UM 1 mRNA and protein levels of [55]
carcinoma cells (HepG2 cells) e Nrf2, HO-1 N
Apigenin/Flavone Matricaria chamomilla :
HepG2 cells 10 pg /mL J mRNA and protein levels of [56]
P & NF-kBp50 and NF-kBp65 :
1 expression of Nrf2, binding Nrf2
PANC-1 cells 5 uM and 10 uM to DNA, [53]
Phenethyl isothio- expression of SOD, NQO1, GSTP
Isothi Brassicaceae N .
cyanate/Isothiocyanate 1 expression of NF-kB, binding
PANC-1 cells 5 uM and 10 uM NF-kBp65 and NF-kBp50 to [53]
DNA, and expression of COX-2
Human breast adenocarcinoma .
cells (MCF-7 cells, 5 uM and 10 puM T expression of Nrf2, 57]
~ . MDA-MB231 cells) 20uM and GSTP, NQO1
Sulforaphane/Isothiocyanate Brassicaceae
Murine macrophage (RAW264.7 } translocation of NF-«xB and
cells) 5puMand 15 uM expression of COX-2 [56]
1 nuclear translocation
RAW264.7 cells 30 uM of Nrf2 and expression of HO-1, [59]
Sappanone/Isoflavone Caesalpinia sappan NQO1
J nuclear translocation
RAW?264.7 cells 30 uM of NF_KBp5 [59]
Human immortalized
keratinocytes 10 uM 1 activation of Nrf2 [60]
Strigoterpenoid/ Terpenoid DPistachia terebinthus (HaCaT cells)
HaCaT cells 10 uM | expression of NF-kB p65 [60]

1 expression of IKKf3
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Table 1. Cont.
Phytochemical Source Experimental Model Concentrations Effect on NF-kB Effect on Nrf2 Ref.
Human erythroleukemic cells 40 UM 1 NF-kB activation and [61]
(K562 cells) H NF-kBp65 binding to DNA ?
| expression of Nrf2 and
Wogonin/Flavone Scutelaria baicalensis K562 cells 40 uM nuclear translocation of Nrf2 [61]
40 UM 1 expression of Nrf2
MCF-7 cells 60 HM 1 Keap1 protein level; [62]
H JHO-1 and NQO1 protein level
MCF-7 cells 20 L;IL/I dazgl jf/[HM 1 expression and protein of Nrf2 [63]
Curcumin/diferuloylmethane  Curcuma longa rhizomes Human lymphocytic leukemia
cells 20 uM Jexpression of NF-kB [64]
(REH cells)
Human osteosarcoma cells . J nuclear translocation
(MG-63 cells 15 uM + NF-kB ac'tlvfatlon and NF-kB of Nrf2, expression of HO-1 and [65]
HOS cell P65 binding to DNA NOO
Oridinin/Diterpenoid Rabdosia rubescens cells) QO1
Male BALB/ ¢ nude mice 30 mg/kg intraperitoneally + nuclesfr;}r;?ksllgocatlon + nucleagfti?gzlocanon [65]
1 nuclear level of Nrf2
HaCaT cells 60 uM and GSTP protein level [66]
Resveratrol /Stilbene Vitis vinifera HaCaT cells 60 uM INF-kBp65, IkB kinase [67]
. 0.25 umol Jexpression of NF-kBp65 and
Female ICR mice and 1 umol topically applied COX-2, and IKK activity [68]
50 mg as a T expression and protein levels of
Female ACI rats subcutaneous pellet Nrf2 and HO-1, NQO1 691
MDA-MB-231 cells 50 uM v eXpressg’%oég)F('_l;BP65 and [70]
Laying Hen model ovarian **52.48 mg/hen and .
Genistein /Isoflavone Genista tinctoria cancer 106.26 mg/hen T expression of Nrf2 and HO-1 (711
Laying He(r:agl(::el ovarian 52.48 mg/hen and 106.26 mg/hen lexpression of NF-kB [71]
Human prostate cancer cells 1 nuclear translocation of
40 pg/mL [72]
Epigallocatechin T (DU145 cells) & NF-kBp65
allate /Flavonoid i i
& Sprague-Dawley rats 40 mg/kg intraperitoneally T expression and protein level of [73]

Nrf2 and HO-1
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Table 1. Cont.
Phytochemical Source Experimental Model Concentrations Effect on NF-kB Effect on Nrf2 Ref.
L SD male rats 20 mg/kg orally 1 expression of NF-kB, COX-2 [74]
Arctigenin/Lignan Fructus arctii i
SD male rats 20 mg/kg orally 1 expression of SOD [74]
Male Wistar rats 30 mg/kg and 60 mg/kg orally T expression of Nrf2, HO-1, NOQ1 [75]
Piperine/Alkaloid Piper nigrum i _ i
P peris Male Wistar rats 30 mg/kg and 60 mg/kg orally + expressmg gfxliF kB, iNOS, [75]
Male ICR mice 40 mg/kg and 80 mg/kg T nuclear translpcation of Nrf2 [76]
gavage and expression of HO-1
Quercetin/Flavonoid Pinus banksiana .
Male ICR mice 40 mg/kg and 80 mg/kg | nuclear translocation [76]
gavage of NF-kBp65

* The concentrations of the phytochemicals in in vitro studies are quoted in uM or pg/mL; ** concentrations of phytochemicals in in vivo studies are quoted in mg/kg or mg/animal.
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3.3. The Effect of Food Matrix-A Prototype of Combinations Strategy on Nrf2 and
NF-xB Activities

Most phytochemicals with chemopreventive or therapeutic potential derive from
edible fruits and vegetables. Therefore, the influence of a natural food matrix on Nrf2 and
NF-«B signaling pathways was the subject of several studies, including human intervention
trials. The tested products were administered as juices, extracts, or in forms used in a
regular diet, such as virgin olive oil.

In this regard, in the review summarizing the clinical trials in which Nrf2 was used
as a measure of outcome [32], the results of administration of normalized coffee extract,
bilberry pomace extract, virgin olive oil, seed (sunflower) oils, cherry juice, grape, and
broccoli sprout extracts treatment are described. The increase of total Nrf2 gene expression
was observed and this effect was dependent on duration of trial and time point. In general,
higher risk bias was noticed in comparison with single compounds. A relatively less
explored food matrix is beetroot (Beta vulgaris L.), containing several bioactive compounds,
including unique betalains.

Early studies on beetroot juice on DMBA treated rats showed increased activity of
phase Il enzymes in the liver and mammary gland, indirectly indicating the induction
and activation of Nrf2 [77]. However, beetroot water extracts were not found to induce
phase II enzymes in human colon adenocarcinoma cells in vitro [78]. The protective ef-
fect of beetroot juice against rat liver injury and inflammation induced by carcinogenic
N-nitrosodiethylamine (NDEA) was also demonstrated. In comparison with the untreated
group of animals, the beetroot juice provided significant defense against a range of inflam-
matory markers induced by NDEA administration in rat liver [79]. Increased level and
activity of NQO1 was the most significant change among phase II enzymes. Beetroot juice
reduced the DNA damage increased as the result of NDEA treatment, and the biomarkers
of liver injury. These observations, again indirectly, indicated modulation of Nrf2 and
NEF-«kB by beetroot juice. In another study, the protective effect of beetroot extract on
gentamicin-induced nephrotoxicity in rats through downregulation of NF-«kB and the nitric
oxide level was observed [80].

Modulation of phase II enzymes in rats was also observed as result of treatment
with cloudy apple juice rich in procyanidins and other polyphenols. The latter reduced
inflammation response of the kidneys in unilateral ureteral obstruction rats via decreasing
the expression and activity of COX-2, downregulating the transcription factor NK-«B and
up-regulating the expression of Nrf2 [81].

The above examples indicate that, in different ways, several fruits, vegetables, and
herbs preparations affect cellular signaling pathways involved in cancer development,
including Nrf2 and NK-«B.

Implementation of natural food rich in phytochemicals activating Nrf2 and reducing
the activity of NK-«B is the best way of cancer chemoprevention. However, the low
concentrations of active compounds in the natural food matrix limits the effectiveness of
this strategy.

3.4. Phytochemical Combinations Affecting Nrf2 and NF-xB Signaling Pathways

In general, the low toxicity and capability of inhibiting or inducing multiple signaling
pathways, including Nrf2 and NF-«B, represent a resourceful long-term strategy for chemo-
prevention or treatment of cancer. It may be advantageous to limit compensatory signaling
feedback loops, crosstalk existing among cellular pathways, and different cell types inside
the tumor microenvironment. The broad molecular diversity offered by natural compounds
prompts the identification of synergistic combinatorial treatments [82].

The results of several studies in vitro, and to a lesser extent, in animal models in-
dicate that combinations of phytochemicals may increase their chemopreventive and
chemotherapeutic potential and can efficiently target the signaling pathways involved in
cell proliferation and survival.
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In this regard, it was demonstrated that a combination of ursolic acid and curcumin
more efficiently inhibited the promotion of mouse skin tumors through downregulation
of key inflammatory elements, including NF-kB [83], compared to the single compounds.
Similarly, a combination of quercetin, kaempferol, and pterostilbene synergistically attenu-
ated ROS through the activation of the Nrf2 signaling pathway in hepatic cells. Specifically,
treatment with this combination significantly induced Nrf2 binding to ARE sequence and
increased the mRNA and protein expression of Nrf2-regulated genes in human hepatoma
cells HepG2-8. Therefore, this study demonstrated that the berry constituents, quercetin,
kaempferol, and pterostilbene, activate the Nrf2 signaling pathway and exhibit synergistic
anti-oxidative stress activity at appropriate concentrations [84].

The effect of the combination of phenethyl isothiocyanate, indole-3-carbinol, xanthohu-
mol, and resveratrol on the expression and activation of NF-kB was evaluated in pancreatic
cancer cells. The mixture of xanthohumol and phenethyl isothiocyanate was more efficient
than the single compounds in reducing the NF-«B activation by diminishing binding of
NF-«B p65 subunit to DNA and expression of the p65 gene. The same combination also en-
hanced activation and expression of Nrf2 and ultimately its target genes GSTP, NQO1, and
superoxide dismutase gene SOD. Modulation of these two pathways resulted in reduced
proliferation of pancreatic cancer PANC-1 cells. In addition, increased Yeslevels of P-Nrf2
and P-JNK and a decreased level of P-GSK-3(3 suggested these kinases are involved in the
activation of Nrf2. Moreover, the mixture of xanthohumol and phenethyl isothiocyanate in-
duced cell cycle arrest (GO/G1 phase) and increased apoptosis and autophagy markers [53].
These findings indicate that combinations of phytochemicals resembling that which occurs
in natural diets may efficiently modulate the Nrf2 and NF-«B signaling pathways and limit
pancreatic cancer cell survival and proliferation. Therefore, it may be applicable in cancer
prophylaxis or in improving the results of conventional therapy.

Table 2 shows more examples of phytochemicals combinations that act on both Nrf2
and NF-«kB and are more potent modulators of these pathways than single compounds.

In most of the in vitro studies, equimolar concentrations of the tested phytochemicals
were applied. Only in several cases did arbitrary selection occur. The in vivo studies in
the context of this review are sparse thus far. Therefore, the examples shown in Table 2
refer mostly to the inflammation model. Concerning the mode of interaction between
the phytochemicals, only synergetic effects were observed. However, evaluation based
on the Chou-Talalay method of the nature of interaction was rarely employed.While the
combinations of phytochemicals may be more efficient, particularly in chemoprevention,
naturally occurring compounds may have the potentially inhibitory and antagonistic effect
on chemotherapeutics’ activity when used in support of conventional therapy. Therefore,
the identification of phytochemicals acting in this way can potentially explain causes for
drug failure or resistance and propose the timing and use of naturally occurring com-
pounds along with cancer chemotherapy [85]. In the context of Nrf2 interference with
cancer chemotherapy, its status of anti- or pro-tumorigenic is defined by many differ-
ent modalities, but mainly the loss of functional Keapl or its mutation contribute to
deregulation of Nrf2 in cancer cells. However, it was demonstrated using synthetic triter-
penoid RTA 405 that pharmacological activation of Nrf2 may be distinct from genetic
activation and does not provide a growth or survival advantage to certain cancer cells,
including pancreatic cancer cells. Moreover, pre-treatment with RTA 405 did not protect
cancer cells from doxorubicin- or cisplatin-mediated growth inhibition [86]. However,
considering the complex mechanism of Nrf2 overexpression in cancer cells, the increased
activation of this transcription factor by phytochemicals should be avoided as it may
enhance chemoresistance.
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Table 2. Modulation of Nrf2 and NF-«B pathways by selected combination phytochemicals in vitro and in vivo model.
Phytoc}.‘em%cals Phytoehel.nmals Experimental Model Concentrations Effect on NF-kB Effect on Nrf2 Ref.
Combination Interactions
Human Pancreatic * Resveratrol 10 puM; T expression of Nrf2 and binding
Synergism cancer cells Phenethyl isothiocyanate 10 Nrf2 to DNA, and expression of [87]
Resve?trol (Mia-Pa-Ca-2 cells) M SOD, NQO1, GSTP
an
Phenethyl isothiocyanate Resveratrol 10 uM; J binding NF-kBp65 to DNA and
Synergism PANC-1 cells Phenethyl isothiocyanate 10 expression of NF-kBp65 and [53]
uM COX-2
Xanthohumol 10 uM; Tnuclear translocation of Nrf2, and
Synergism PANC-1 cells Phenethyl bdeng I\irlf\IZ ;(2) ]:S)g]g, la\1r801 [53]
Xanthohumol isothiocyanate 10 uM €Xpression ot INrtz, ’ ’
and GSTP
Phenethyl . J nuclear translocation NF-kB,
isothiocyanate Svnereism PANC-1 cells Xanth;;;ifhl 110 HM; and binding NF-kBp65 and 53]
e isothioc anatey 10 uM NF-kBpS0 to DNA, and N
4 H expression of NF-kB and COX-2
Curcumin Human prostate adenocarcinoma . . .
and Synergism cells (LNCaP cells); iurtc.u mmn 51 Hl\l\j[l’ + phosphor}i}atéoln OleF_kB’ and [88]
Arctigenin MCEF-7 cells retigenin 2 priKkb levels
Curcumin . .
symrgm DGareats Cursumins 1t Ephonaior, 5
Epigallocatechin gallate H P
i
3,3'-Diindolylmethane - Hver heoat I 33 durgcéglyll\zr.lethane
and Additive uman iver hepatoma cells SIMML 1 expression of Nrf2 and SOD [89]
(HepG2-C8 cells) Sulforaphane
Sulforaphane
1uM
. Sulforaphane 0.4 M; | expression of iNOS; COX-2;
Sulforaphane Synergism RAW264.7 cells Curcumin 2 uM PGE2 [90]
and
. . Sulforaphane 0.4 uM; 1 expression of Nrf2 and NQO1,
Curcumin Synergism RAW264.7 cells Curcumin 2 M HO-1 [90]
Sulforaphane 0.4 uM; . . . .
Synergism RAW264.7 cells Phenethyl + expression of INOS; COX-2; [90]
Sulforaphane . . PGE2
and isothiocyanate 2 uM
Phenethyl Sulforaphane 0.4 pM; .
isothiocyanate Synergism RAW264.7 cells Phenethyl T expression of Nrf2 and NQOL, [90]

isothiocyanate 2 pM

HO-1
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Table 2. Cont.
Phytocl}em%cals Phytocher‘mcals Experimental Model Concentrations Effect on NF-kB Effect on Nrf2 Ref.
Combination Interactions
Human hypopharyngeal
carcinoma cells
(Fadu cells) . .
Synergism Human oral Curcumin 25 pM; J nuclear translocation of NF-kB [91]
. Resveratrol 25 uM
Curcumin adenosquamous
and carcinoma cells
Resveratrol (Cal-27 cells)
. ** Curcumin 500 mg/kg;
Synergism Xenografts .SC.ID mouse Spinal Resveratrol 150 mg/kg 1 NF-kB binding to DNA [92]
cord injury model
gavage
Cufr‘{gmn Lack of Svnereism Holtzman rats CEICEEEZ glg(inm%/(kg; 1 phosphorylation and activation [93]
R ynerg Periodontitis model p 5/X8 of NF-kB
Piperine gavage

* Concentrations of phytochemicals in in vitro studies are quoted in uM; ** Concentrations of phytochemicals in vivo studies are quoted in mg/kg.
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4. Conclusions and Perspectives

The existing cross-talk between Nrf2 and NF-«B key inflammation players may be an
effective target of bioactive naturally occurring compounds. Moreover, these pathways are
important elements of the signaling network ultimately involved in the regulation of cell
proliferation and death.

As Nrf2 activation in normal cells or at early stages of carcinogenesis may protect
against DNA insult and angiogenesis through the enhanced expression of 250 genes under
the control of Nrf2, and protects against cancer development in cancer cells may contribute
to resistance to chemotherapy.

Therefore, for cancer prophylaxis, naturally occurring activators or inducers of the
Nrf2 pathway and inhibitors of NF-«kB are required. In contrast, for cancer treatment,
inhibitors of both of these pathways are investigated.

While many phytochemicals acting either as inducers or inhibitors of Nrf2 pathways
and inhibitors of NF-«B were described, relatively less was shown to act simultaneously
in the same experimental model. Moreover, the evaluation of a modulating effect of
phytochemicals mainly addressed the canonical activation of both pathways. Thus, the
modulation of alternative ways of their activation, such as the epigenetic regulation of Nrf2
and NF-«kB by phytochemicals, should be more deeply investigate.

Currently, limited evidence exists demonstrating the modulation of Nrf2 and NF-«B
in humans. Therefore, well-controlled human intervention trials are needed to confirm the
findings from in vitro and animal studies.

Many phytochemicals demonstrate synergism in modulating Nrf2 or NF-«kB pathways.
Thus, their combinations, particularly that resembling a natural food matrix, may improve
this effect. In contrast to the natural food matrix in phytochemical combinations, higher
concentrations of these compounds may be applied, thus assuring the desired effect.

Therefore, the application of phytochemical combinations as modulators of Nrf2 and
NEF-«kB and ultimately cancer prevention or therapy seems to be an attractive approach.
However, several problems must be solved before the specific phytochemical combinations
can be applied for this purpose.

In this regard the ratio of given compounds must be selected based on the detailed
experimental data derived from different models.

Equally important is the evaluation of the type of interactions. Similarly, as in the case
of single phytochemicals, their bioavailability in combinations must be assessed.
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