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Abstract: Resveratrol is one of the most investigated polyphenols for its multiple biological activities
and many beneficial effects. These are mainly related to its ability to scavenge free radicals and reduce
oxidative stress. Resveratrol has also been shown to have the ability to stimulate the production
of antioxidant enzymes, which interact with numerous signaling pathways involved in tumor
development, and to possess side effects associated with the use of chemotherapy drugs. In this
review article we summarized the main discoveries about the impact resveratrol can have in helping
to prevent, as well as adjuvant treating, breast cancer. A brief overview of the primary sources of
resveratrol as well as some approaches for improving its bioavailability have been also discussed.

Keywords: resveratrol; reactive oxygen species; breast cancer; antioxidants; polyphenols; oxida-
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1. Introduction

Polyphenols are secondary metabolites produced by plants and also found in many
natural products, such as fruit and vegetables, and their derivatives, such as tea, coffee,
olive oil, and wine [1-3]. Polyphenols are well known for their antioxidant properties,
which confer to them health-beneficial effects [4-7]. Among them, resveratrol is probably
one of the most investigated molecules. It was first described in 1940 by Michio Takaoka,
a Japanese student who was investigating extracts from traditional medicinal plants and
called it “resveratrol” because the molecule had been extracted from the roots of Veratrum
grandiflorum (white hellebore) and presented the skeleton of resorcinol in its molecular
structure [8]. The extract from this plant was exploited for treating several allergic and
inflammatory diseases, among others. However, this molecule did not attract much
interest until 1997, when Jang and colleagues published an article regarding its cancer
chemopreventive activity [9].

Resveratrol is the common name for 3,5,4'-trihydroxy-trans-stilbene, a natural phy-
toalexin derived from phenylpropanoids, that is synthesized in plants under stress con-
ditions, such as infections or UV exposure. Under UV radiation it rapidly isomerizes
to the cis geometric form, but this compound, despite interesting biological activity, has
been less investigated because of its lower abundance [10]. Nevertheless, the trans-cis
isomerization and fluorescence are the main deactivation pathways, although dependent
on the environmental conditions [11,12].

The trans-Resveratrol can be extracted in its free form or as glucoside directly from the
plant but grapes are the preferred source due to the ease of extraction. Small concentrations
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of cis-resveratrol can be also present in wines despite its lack in grapes, suggesting its
formation because of yeast isomerases during the fermentation process.

Similar to other polyphenols, resveratrol has multiple biological activities and many
beneficial effects, such as anti-inflammatory and antioxidant properties, mainly related to
its ability to scavenge free radicals, and, as such, it can also have a positive influence on the
pathologies developed due or related to oxidative stress, such as cancer (Figure 1) [13,14].
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Figure 1. Chemical structure of trans-resveratrol (in the dark-red rectangle) and main biological pathways affected.

Nevertheless, some controversial results have been published in the literature, espe-
cially regarding its in vivo usefulness [15,16]. In fact, only a small portion of the ingested
resveratrol reaches the body tissues, despite up to 70% being found in plasma, due to
its quick liver metabolism, especially to glucuronide and sulfate conjugates, and excre-
tion [17]. This limits enormously its exploitation, especially considering that the amount
normally ingested (e.g., up to 5 mg/L in red wine) can reach plasma concentrations that
are much lower than those tested in vitro (e.g., 30-100 pM). However, the use of novel
technological approaches could help overcome this limitation, thus improving resveratrol
bioavailability [18].

In addition, this natural compound has the capacity to modulate several biochemical
pathways. For example, it has been shown that treatment with resveratrol of parkin-null
fibroblasts, isolated from patients with Parkinson’s disease (PD), was able to increase
mitochondrial biogenesis, followed by the partial rescue of mitochondrial functions and
oxidative stress, through activation of the 5'-adenosine monophosphate-activated protein
kinase (AMPK)/sirtuin 1 (SIRT1)/peroxisome proliferator-activated receptor gamma coac-
tivator 1-alpha (PGC-1«) pathway [19]. Moreover, parkin-null primary fibroblasts are
characterized by changes in the oxidative balance, and the loss of reduced glutathione
(GSH) with an increase of its oxidized form (GSSG) is one of the earliest biochemical
changes detectable. Resveratrol treatment of these cells contributes to preservation of
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cellular redox balance and protein homeostasis, leading to a significant increase in GSH
level, reduction in GSSG/GSH ratio, and a decrease in reduced free thiol content [20].

Although free radicals are generally present inside our body, damages to cellular
components, e.g., lipids, proteins, and DNA, occur when the balance between produced
and scavenged radical species is impaired [21]. Several endogenous molecules, such as
antioxidant enzymes (glutathione peroxidase (GPx), superoxide dismutase (SOD), cata-
lase (CAT), glutathione reductase (GR), thioredoxin reductase (TRx), and peroxiredoxin
(PRx)), together with food-borne exogenous antioxidant molecules (such as resveratrol
and other polyphenols) help to maintain the redox homeostasis. When this homeostasis is
disrupted and free radicals are in excess, they can cause lipid peroxidation, damages to
cellular membranes and lipoproteins, alterations to proteins, and DNA mutations. The
most representative one involves the formation of 8-hydroxyguanosine (8-OHG), which
is oxidated to 8-hydroxy-2'-deoxyguanosine (8-OHdG) [22]. Similarly, 4-hydroxynonenal
(4-HNE) and malonaldehyde (MDA), derived from lipid peroxidation, react with DNA,
yielding etheno-DNA base adducts that compromise the correct replication process.

Uncontrolled oxidative stress can induce or help to develop several pathologies, such
as cardiovascular, neurodegenerative, and respiratory diseases [23-25]. Free radicals can
interact with several signaling pathways, for example, the mitogen-activated protein kinase
(MAPK), signaling pathways regulating the nuclear factor kappa-light-chain-enhancer of
activated B cells (NF-kB) factor, phosphatidylinositol 3-kinase (PI3K)/Akt/mTOR (mecha-
nistic target of rapamycin), and other transcription factors, such as the signal transducer
and activator of transcription 3 (STAT3), hypoxia-inducible factor 1-alpha (HIF-1«), and
p53 [26-29]. Furthermore, NF-kB and the nuclear factor erythroid 2-related factor 2 (Nrf2),
which modulates the gene expression of numerous antioxidant enzymes, interplay through
a range of complex molecular interactions, thus participating to balance the cellular redox
status and the response to stress and inflammation [30].

Numerous studies have also demonstrated the involvement of ROS in the epithelial-
mesenchymal transition (EMT), characterized by the activation of mesenchymal markers,
such as metalloproteases and transforming growth factor-3 (TGF-f3), and by a simulta-
neous decrease in the expression levels of epithelial markers, such as E-cadherin and
y-catenin [31,32]. Finally, it has been shown that high levels of ROS modulate the angiogen-
esis process by interacting with numerous signal cascades, which lead to the activation of
transcription factors, such as vascular endothelial growth factor (VEGF) and HIF-1« [33,34].
VEGEF is produced by cells to stimulate the growth of new blood vessels and can induce
angiogenesis by stimulating the proliferation and migration of endothelial cells.

Although high levels of ROS are implicated in oxidative DNA damage and subsequent
carcinogenesis, these reactive species can also act as anti-tumorigenic agents by promoting
cell death, permeabilizing the mitochondrial membrane, and inducing the release of cy-
tochrome c into the cytosol, where it forms complexes called apoptosomes, with cytosolic
proteins, such as Apaf-1. These complexes activate caspase-9, which in turn triggers effector
caspases, such as caspase-3, thus initiating the apoptotic process [35,36].

Breast cancer is the most common cancer type in women (30% of female cancers in
2020), with increasing global incidence and number of deaths [37]. Several genetic and
non-genetic factors, such as obesity and excessive alcohol consumption, can contribute
to the development of this pathology [38]. The onset of breast cancer and its progression
are classified into four molecular subtypes according to the level of expression of some
molecular biomarkers, i.e., the hormonal estrogen (ERs) and progesterone (PRs) receptors,
human epidermal growth factor 2 (HER2) receptor, and, although with minor relevance,
the Ki-67 protein. The corresponding subtypes are the luminal A, luminal B, HER2+, and
the basal-like triple-negative breast cancer (TNBC), considered to be the more metastatic
and invasive one [39]. Common metastatic sites include the liver, lungs, brain, and bones.
Containing tumor spreading and defining effective treatments remain the main challenges
in these aggressive forms of breast cancer.
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Considering the dependence on active ER signaling for the development and pro-
gression of breast cancer, the use of selective estrogen receptor modulators (SERMs) and
selective estrogen receptor degraders (SERDs), as well as chemotherapy drugs, such as
cisplatin, anthracyclines, and taxanes, represents the main therapeutic approach [40]. Nev-
ertheless, a series of antioxidant products of natural origin, including resveratrol, have
aroused great interest in its prevention and potential treatment. In this review, we collected
the most critical and recent shreds of evidence about the biological activity resveratrol can
exert on breast cancer cells, both in vitro and in vivo, showing its potential beneficial effects
in fighting this pathology.

2. Sources and Absorption of Resveratrol

The primary dietary sources of resveratrol include grapes, wine, apples, peanuts,
and soy. Still, since the concentration of resveratrol present in all these food products
is highly variable, it would be difficult to accurately estimate the average daily intake.
This is related both to the fact that exogenous biological and physical stressors affect the
resveratrol content in a specific food or drink and to the fact that endogenous factors
interfere with the biosynthesis of resveratrol. Among the many varieties, wines made from
grapes of the Pinot Noir and San Laurent showed the highest level of trans-resveratrol.
Nevertheless, red wines, such as those from Salento, are rich in this natural antioxidant,
along with others [41,42]. The resveratrol content is also influenced by various aspects of
the wine-making process, including temperature, pH value, and SO, level.

However, getting a minimal health-beneficial dose of resveratrol through wine would
mean drinking several liters. For this reason, some manufacturers sell pharmaceutically
manufactured supplements with exactly specified resveratrol content. Nevertheless, the
clinical potential of resveratrol in humans is somewhat difficult to estimate because there
is still insufficient information on the optimal dosage, biotransformation, potential side
effects, and pharmacokinetic parameters. In fact, resveratrol is characterized by a reduced
bioavailability linked to its ability to be rapidly metabolized and subsequently eliminated
in the urine and feces [17]. The low availability of this compound is often associated with
its low solubility in water (~3 mg/100 mL) and the high permeability of the intestinal
membrane. In fact, after oral administration, resveratrol is absorbed in the intestine by
passive diffusion or thanks to membrane transporters. It can then be metabolized by
glucuronidation and sulfation of the phenolic group (yielding resveratrol-4-O-glucuronide,
resveratrol-3-O-glucuronide, and resveratrol-3-O-sulfate, respectively) or by hydrogenation
of the aliphatic double bond and is subsequently released in the bloodstream, as observed in
clinical trials [43,44]. In the bloodstream, resveratrol can bind to proteins such as albumin or
to lipoproteins, such as LDL, forming complexes that dissociate when, at the cell membrane
level, LDL and albumin interact with specific receptors, allowing the entry of stilbene
into the cell [45]. In plasma, the concentration of unmodified free resveratrol is extremely
low (around 1% of the ingested amount) and it generally depends on the ingested dose.
However, exceptionally high amounts can be associated with a number of side effects,
including diarrhea, nausea, and abdominal pain.

Since one of the major obstacles related to the administration of this antioxidant
compound is its bioavailability, numerous research and studies focus precisely on the
improvement of the pharmacokinetic profile of resveratrol [46]. To this aim, different
approaches have been proposed, such as those based on the use of emulsions and solid dis-
persions or on the encapsulation of resveratrol in nanocarriers, such as liposomes, micelles,
and polymeric nanoparticles [47-49]. It is also possible to use a similar compound extracted
from the roots of the Polygonum Cuspidatum plant, namely, polydatin, which differs from
resveratrol by one molecule of glucose (Figure 2) [50,51]. The presence of the conjugated
carbohydrate makes the molecule more water-soluble, increasing its bioavailability.
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Figure 2. Chemical structure of polydatin.

Other polyphenols present in red wine, such as quercetin, catechins, and gallic acid,
could also potentially function as chemopreventive agents. For example, a mixture of
polyphenols extracted from vine shoots showed anti-proliferative activity superior to
resveratrol alone in cancer cells due to a synergistic action between the various polyphe-
nols [52,53]. Recently, numerous sulfonate derivatives of resveratrol were synthesized
and some of them presented good antiproliferative activity in MCF-7 breast cancer cells
due to their ability to inhibit aromatase, an enzyme with a key role in estrogen produc-
tion and whose inhibitors have been shown to function as chemo-preventive agents in
hormone-dependent breast cancers [54].

Furthermore, a substantial intake of resveratrol could interfere with the action of
numerous drugs as well as, as mentioned above, with the action of CYP450 enzymes.
In fact, resveratrol alters the effectiveness of some drugs, interacting precisely with the
metabolism of the latter, mediated by CYPs’ enzymes, such as CYP3A4, CYP2D6, and
CYP2C9 [55]. Inhibition of the CYP3A4 enzyme by resveratrol causes an increase in the
blood levels of drugs metabolized by this enzyme, leading to an increase in toxicity related
to the drugs themselves. On the other hand, CYP2D6 converts tamoxifen into endoxifen,
a powerful antiestrogen that binds to the ER, inhibiting the binding with estrogens and,
therefore, the estrogen-dependent proliferation of tumor cells that express this receptor.
Inhibition of this liver enzyme decreases endoxifen levels in plasma and increases the
risk of relapse. Finally, the inhibition of CYP2C9, particularly abundant in the liver and
intestines, by resveratrol, causes a decrease in the clearance of a wide range of drugs,
increasing their toxicity. For this reason, taking supplements containing high doses of
resveratrol together with drugs must be done very carefully.

3. Resveratrol and Free Radicals

Resveratrol can modulate a variety of biological pathways, thus influencing the cellular
oxidative stress, but not only that. This molecule has attracted much interest in the last
decades; nevertheless, results are sometimes discordant and further investigation is needed
in order to better understand its behavior and fully exploit its potential. The main and
most recent findings about resveratrol and breast cancer are summarized in Table 1 and
will be discussed more in detail in the following sections.

Table 1. Direct and indirect effects of resveratrol on breast cancer.

Direct Effect Indirect Effect Physiological Impact Ref.
Scavenging of superoxide, hydroxyl, nitric oxide, Reduction of ROS [56,57]
and peroxynitrate radicals "
Non-competitive inhibition of XO Reduction of superoxide radicals [58]
Blocking transcription through the AhR signaling Elimination of free radicals [59,60]

pathway

Inhibition of CYP1A1 gene expression
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Table 1. Cont.
Direct Effect Indirect Effect Physiological Impact Ref.
Inhibition of the dimerization of the ligand-AhR
complex, its binding to XRE sequences or the [61]
recruitment of RNA polymerase II
Inhibition of the PKC signal transduction Inhibition of COX-2 gene [62]
pathway expression
Increased TGF-31 expression Inhibition of 5-LOX [63]
PI3K/ Akt mechanism activation Phosphorylation of Nrf2 [64,65]
Reduction of quinones to irnulation of the Nef2/
N catechols and subsequent Stimulation of the Nrf2/ARE
Activation of NQOI inactivation by the COMT pathway [66-68]
enzyme
. Upregulation of CAT and Decreased concentration of
Increased concentration of PTEN MnSOD mRNA levels H,0, [69,70]
. . Inhibition of the PI3K survival signaling
Suppression of Akt phosphorylation mTOR/p70S6K pathway pathway block [71,72]
Inhibition of numerous
kinases (e.g., PKC, MAPK,
Inhibition of STAT3 and NF-kB IKK) and some transcription [73,74]
factors (e.g., NF-kB, STAT3,
HIF-1«, and AP-1)
Increased expression of I-kB«,
Inhibition of IKK inactivation of NF-kB and its [75]
retention in the cytoplasm
Suppression of cell Down-regulation of cancer
Block of the activation of NF-kB induced by proliferation, apoptosis, cell proliferation [76]
IL-13 and TNF-« angiogenesis, and formation P
of metastases
HDACS3/p300-mediated NF-kB signaling Increased expression of PD-L1 [77]
Enhanced binding of
SIRT1 activation [3-catenin/TCF to PD-L1 [78]
promoter
PD-L1 glycosylation and dimerization Enhancen}l antl—tl}mor Trcell [79]
immunity
Inhibition of TGF-f1 activation Inhibition of the EMT process [80]
Reduced expression of POLD1, VEGEF, and Inhlbl,.uon of anti-apoptotic . .
HIF-1a proteins and activation of Reduced angiogenesis [81,82]
pro-apoptotic ones
Increased expression of
. . pro-apoptotic proteins; Induced arrest of the cell cycle
Phosphorylation or acgtylatlc.)n of p53 at the level activation of effector caspases  at the level of the G0/G1 and [83,84]
of the serine residue 15 .
and decreased expression of S phase
anti-apoptotic proteins
Phosphorylation of mTOR targets 4EBP1 and Reduction of cancer cells’
photy & basal autophagy used to Increased ROS production [85]
P70S6K .
counteract their basal stress
Overexpression of
Inhibition of PI3K/Akt-mediated Decreased phosphorylated pro-apoptotic proteins and [86]
phosphorylation levels of FoxO downregulation of the
anti-apoptotic ones
Increased SIRT1 expression a}nd decreased Reduction of the EMT Il’lh.lblte(.fl proliferation and [87]
{3-catenin expression processes migration of cancer cells
Deacetylation of the p65 subunit of the NF-kB Promotion of cell death [88,59]
complex
Increased FoxO Increased SOD Reduced oxidative stress [90]
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Table 1. Cont.
Direct Effect Indirect Effect Physiological Impact Ref.
Inhibition of the activity of PFK Decreased g%ucose uptgke and Modulation o.f glucose [91,92]
glycolytic metabolism metabolism
Interaction with membrane-bound ERs Modulation of genomic and Modulation of steroidal [93]
Inhibition of steroidogenesis and estrogen non-genomic activities pathways
biosynthesis
Reduction of CYP1B1 activity and, thus, the Prevention of the formation of = Potential inhibition of cancer [94]
formation of 4-OHE; (E) estrogen-DNA adducts initiation
Increased SOD, CAT, and
AMPK activation GSH levels; reduced [95]
myeloperoxidase levels . -
Inhibition of p38MAPK and Reduced DOX cardiotoxicity
SIRT1 activation caspases; activation of [96,97]
cytoprotective autophagy
Inhibition of cell invasion and Enhanced anti-tumor effect
Modulation of PI3K/Akt and NF-kB expressions . . and reduced side effects of [98]
migration through EMT . -
cisplatin
Significant decrease in the activity of antioxidant Increased ROS generation Increased apoptotic effect of [99]

enzymes

ionizing radiation treatment

The antioxidant activity of resveratrol is linked to its ability to eliminate reactive
oxygen species (ROS), especially superoxide (eO%7), hydroxyl (OHe), nitric oxide (NO),
and peroxynitrite (ONOO™) radicals and all those radicals produced in metal-catalyzed
reactions, such as the Fenton reaction [56,57]. In addition, resveratrol has the ability to
inhibit xanthine oxidase (XO), which is also responsible for the generation of superoxide
radicals, through a non-competitive allosteric binding [58]. Furthermore, resveratrol ex-
hibits protective effects against lipid peroxidation and oxidative damage to DNA resulting
from the accumulation of ROS. It can also block the transcriptional activation of cytochrome
P450 enzymes (such as CYP1A1, CYP1B1, and CYP1A2), i.e., phase I enzymes that convert
xenobiotics into toxic quinones that can generate ¢O0?~ and that are also involved in the
metabolism of estrogens and in the formation of DNA adducts, as well as the metabolism
of numerous drugs. The inhibition of CYP1A1l gene expression by resveratrol occurs
by blocking transcription through the aryl hydrocarbon receptor (AhR) signaling path-
way [59,60]. The expression of the CYAP1A1 gene is induced by the binding of a ligand,
such as benzo(x)pyrene or 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD), to the AhR recep-
tor. The ligand-AhR complex undergoes dimerization with the AhR nuclear translocator
nuclear protein (ARNT) and it is then translocated to the nucleus, where it binds to specific
regions of DNA called xenobiotic responsive elements (XRE), which are located upstream
of the site of initiation of transcription of the genes coding for enzymes that metabolize
xenobiotics. Resveratrol has the ability to act on this process by inhibiting the dimerization
of the complex or by inhibiting its binding to XRE sequences or the recruitment of RNA
polymerase II, which is vital for the transcription of the CYP1A1 gene [61].

Other activities related to this natural compound are the inhibition of the protein
kinase C (PKC) signal transduction pathway, thus suppressing the activation of inducible
cyclooxygenases (COX-2), also responsible for the production of ROS, mediated by phorbol
esters (e.g., phorbol-12-myristate-13-acetate, PMA) in the cells of the mammary epithe-
lium [62]. In addition, resveratrol increases the expression of TGF-31, thus mediating
the inhibition of 5-lipoxygenase (5-LOX) in a concentration-dependent manner, and of
other phase Il enzymes that contribute to the detoxification processes, activating the Nrf2-
antioxidant responsive element (ARE) pathway [63,100].
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3.1. Resveratrol and the Nrf2/ARE Pathway

Nrf2 is formed by six Nrf2-ECH homology (Neh) domains and it is one of the most
significant regulators of the antioxidant response. Generally, Nrf2 is bound to Kelch-like
ECH-associated protein 1 (Keapl) through the Neh2 domain, which is also a substrate
for ubiquitin E3 ligase that promotes proteasome-mediated degradation of Nrf2. Under
conditions of oxidative stress, the oxidation of Keap1 induces a conformational change that
causes the subsequent detachment of Nrf2 and its translocation to the nucleus, where it
binds AREs. Formation of the Nrf2-ARE complex then promotes the expression of genes
that code for antioxidant and phase II detoxifying enzymes, such as GPx, heme-oxygenase
1 (HO-1), SOD, CAT, and NADPH dehydrogenase quinone 1 (NQO1).

Resveratrol promotes the production of these enzymes by stimulating Nrf2 phos-
phorylation through a PI3K/Akt-dependent mechanism, thus causing the release of Nrf2
from Keapl and its subsequent translocation into the nucleus [64,65]. Generally, NQO1
activation plays a significant role in preventing breast cancer [66-68,101]. In particular,
estrogens are metabolized by CYP1A1 and CYP1B1 to catechols, whose oxidation products
are responsible for the formation of DNA adducts [102]. The induction of NQO1 stimu-
lated by resveratrol facilitates the reduction of quinones to catechols and their subsequent
inactivation by the catechol-O-methyltransferase (COMT) enzyme (Figure 3).
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Figure 3. Mechanisms by which resveratrol can prevent estrogen-initiated breast cancer (with permission from [68]).

Quinones formed by the estrogens’” metabolism can also be detoxified through conju-
gation with glutathione (GSH) by the glutathione-S-transferase (GST) enzyme [103].

The most common estrogen present in the breast is 17-estradiol (E;). This hormone
is hydroxylated to catechol-estrogens, such as 2- and 4-hydroxyestradiol (2-OHE, and
4-OHEy, respectively). The catechol-estrogens are then methylated by the COMT enzyme,
forming 2-methoxy-E, and 4-methoxy-E,, respectively [104].
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3.2. Resveratrol and PTEN in the PI3K/Akt/mTOR Signaling Pathway

The PI3K/Akt/mTOR signaling pathway is a crucial intracellular pathway in cell cycle
regulation directly related to cell proliferation and apoptosis, as well as to diseases such as
cancer. It also plays a critical role in breast cancer, where growth factors and hormones, such
as the HER and estrogen, respectively, activate this signaling cascade [105]. Indeed, upon
binding of the growth factor, the associated receptor tyrosine kinase (RTK) activates the
PI3K heterodimer [106]. This kinase promotes the phosphorylation of several substrates,
including phosphatidylinositol-4,5-bisphosphate (PIP2), which is then converted into
phosphatidylinositol-3,4,5 triphosphate (PIP3). The PIP3 activates Akt, which, in turn, can
phosphorylate numerous molecules, producing as a final effect the induction of cell growth
and resistance to apoptosis [107]. The phosphatase and tensin homolog protein (PTEN)
is a phosphatase capable of dephosphorylating PIP3 and acting as a tumor suppressor,
negatively modulating the PI3K/ Akt signaling pathway [108].

The mTOR is a serine/threonine protein kinase located downstream of PI3K and Akt.
Two distinct protein complexes, mMTORC1 and mTORC2, coexist: mTORC1 is activated by
Akt, while mTORC?2 directly activates Akt by phosphorylation. Both complexes promote
cell growth and proliferation [109]. The involvement of the PI3K/Akt/mTOR signaling
pathway in tumor progression has been known for many years; therefore, it is not surprising
that it represents a major therapeutic target, also in breast cancer, through the development
and testing of PI3K and mTOR inhibitors [110].

Resveratrol also targets this pathway. In fact, it regulates the expression of antioxidant
enzymes through mechanisms involving the PI3K/ Akt signaling pathway, increasing the
levels of PTEN, which antagonizes the activity of PI3K and, consequently, its ability to
phosphorylate protein substrates, including Akt [69]. Unexpectedly, the increase in PTEN
proved to be associated with increased mRNA levels related to antioxidant enzymes such
as CAT, GPx, and MnSOD, promoting their activity and decreasing the concentration of
free radicals, particularly hydrogen peroxide [70].

Furthermore, resveratrol demonstrates an inhibitory effect on the activation of the
mTOR/p70S6K pathway, likely by suppressing Akt signaling [71], and on the TOR/ULK1
pathway, thus leading to autophagy in breast cancer cells [72].

3.3. Effect of Resveratrol on Other Carcinogenic Pathways

The antioxidant properties of resveratrol also include the regulation of numerous
signaling pathways involved in the carcinogenesis process. This compound inhibits nu-
merous kinases, such as PKC, MAPK, and IKK (IkB kinase), and some transcription factors,
such as NF-kB, STAT3, HIF-1«, and AP-1 (Activator Protein-1), often activated by ROS,
such as H,O, [73,74].

As mentioned above, the inflammatory process contributes to the development and
progression of carcinogenesis. An essential mediator of the tumor transformation induced
by inflammation is the nuclear transcription factor NF-kB, a heterodimer consisting of
two subunits, p65 and p50. Under normal conditions, NF-kB is bound to an inhibitor
of kB (I-kB) in the cytoplasm. ROS accumulation mediates the phosphorylation of I-kB
by a kinase (i.e., the IKK, inhibitor of NF-kB kinase), leading to its ubiquitination and
degradation in the proteasome. This process facilitates the transfer of NF-kB into the
nucleus, inside which it modulates the expression of genes related to the inflammatory
response. The antioxidant and anti-cancer effects of resveratrol can be attributed to the
inhibition of IKK and, consequently, an increase in the expression of I-kBe, the inactivation
of NF-kB, and the latter’s retention in the cytoplasm, inhibiting its translocation into the
nucleus. Resveratrol can also block NF-kB activation induced by inflammatory mediators,
such as IL-1§3 and tumor necrosis factor-o (TNF-«), with the subsequent suppression of
cell proliferation, apoptosis, and angiogenesis and formation of metastases [75,76].

Resveratrol also increases the expression level of programmed cell death ligand 1
(PD-L1), a modulator of the immune system whose blockade already proved to be a valid
therapy for solid tumors, via HDAC3/p300-mediated NF-kB signaling [77]. Upregula-
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tion of PD-L1 was shown to be dose dependent in lung cancer cells and suppression of
T cell function was already observed at relatively low—pharmacologically achievable—
resveratrol concentrations [78]. The Wnt pathway proved to be critical for mediating the
resveratrol-induced PD-L1 upregulation and, in particular, resveratrol activated SIRT1,
which promoted Snail protein deacetylation, which, in turn, inhibited transcription of
Axin2, thus leading to disassembly of destruction complex and enhanced binding of
B-catenin/TCF to PD-L1 promoter. By combining biochemical, computational, and mi-
croscopy approaches, it was shown that resveratrol can directly target PD-L1 glycosylation
and dimerization, thus interfering with the protein’s stability and trafficking, ultimately
impeding its targeting to the cancer cell plasma membrane and enhancing anti-tumor T-cell
immunity [79].

In addition to modulating NF-kB expression to inhibit cancer progression, resveratrol
can also inhibit the EMT induced by TGF-31. This cytokine is involved in the regulation
of EMT through Smad-dependent signaling pathways. Smad2 and Smad3 proteins, par-
ticularly their TGF-B1-regulated overexpression and phosphorylation, play a key role in
the EMT transition of breast cancer. Resveratrol decreases the levels of these proteins by
inhibiting their phosphorylation and, consequently, the EMT process responsible for the
formation of metastases [80].

Resveratrol can also reduce angiogenesis by lowering the expression of VEGF and HIF-
la and induce cell death by inhibiting anti-apoptotic proteins, such as proteins belonging to
the Bcl-2 family, and activating pro-apoptotic proteins, such as Bad, Bax, and Bak [81]. All
these mechanisms are related to the activation of the p53 oncosuppressor, a transcription
factor involved in cell cycle regulation and apoptosis [111]. This was recently confirmed by
Liang and colleagues, who demonstrated through RNA sequencing that genes affected by
resveratrol treatment in MDA-MB-231 cells were mainly involved in apoptosis and the p53
signaling pathway [82].

Resveratrol can induce cancer cell death through the intrinsic apoptotic pathway,
which is mediated by the formation of apoptosomes and the release of apoptogenic factors,
such as cytochrome c and caspase 2/9 from the mitochondrial intermembrane space, or
through the extrinsic apoptotic pathway involving the superfamily of TNF receptors, such
as Fas (CD95 or APO-1) or TRAIL receptors (TNF-Related Apoptosis-Inducing Ligand).
Resveratrol induces the arrest of the cell cycle at the level of the G0/G1 and S phase through
the phosphorylation or acetylation of p53 at the level of the serine residue 15, thanks to
the activation of MAPK, inducing an increase in the expression of pro-apoptotic proteins,
activation of effector caspases, such as caspase 8/9, and a decrease in the expression of anti-
apoptotic proteins, such as Bcl-2 [83,84]. Recently, Arena and co-workers explored more
in detail the mechanism underlying the anticancer effect of resveratrol in both Her2 /neu-
positive breast and salivary cancer cell lines. It has been shown that the cytotoxic effect
of resveratrol in these cell models is essentially related to the increase of phosphorylation
of mTOR targets 4EBP1 and P70S6K, to a reduction of the basal autophagy, which cancer
cells use to counteract their basal stress, and, finally, also to an increase of ROS production
known to be detrimental for cancer cell survival [85].

Resveratrol also influences the activity of transcription factors known as FoxO (Fork-
head box O), involved in numerous cellular processes, such as cell cycle progression,
apoptosis, and the response to oxidative stress. In various types of cancer, the tran-
scriptional activity of FoxO is inhibited due to phosphorylation mediated by constitutive
activation of the PI3K/Akt pathway [112]. FoxO phosphorylation facilitates the interaction
with 14-3-3 proteins and subsequent nuclear export. In this regard, resveratrol inhibits
PI3K/Akt-mediated phosphorylation and consequently causes a decrease in phosphory-
lated FoxO levels. It also promotes nuclear translocation, an increase in DNA binding
affinity, and, finally, the transcriptional activity of FoxO, which plays a significant role in
the apoptotic process, being involved in the overexpression of pro-apoptotic proteins and
downregulating the anti-apoptotic ones, finally inducing cell death [86].
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Resveratrol also activates the action of SIRT1, which plays a dual role in cancer
progression and suppression, by modulating the SIRT1/ 3-catenin signaling pathway and
thus reversing EMT in tumor cells [87]. Furthermore, the activation and overexpression of
SIRT1 is involved in the apoptotic process through the deacetylation of p53 or other proteins
that act as tumor suppressors or transcription factors, such as FoxO and NF-kB [88]. In
fact, the activation of SIRT1 by resveratrol involves the deacetylation of the p65 subunit of
the NF-kB complex, thus promoting cell death [89]. The activation of SIRT1 by resveratrol
also induces an increase in the expression of SOD, mediated by the FoxO transcription
factor [90].

Finally, it is worth mentioning the role of resveratrol as a modulator of the tumor
glucose metabolism. Compared to healthy tissues, tumor cells uptake and consume high
amounts of glucose to meet their high energy demand. Their glycolytic metabolism is
characterized by a large production of lactate, even in aerobic conditions (the so-called
Warburg effect) [113]. Resveratrol has been reported to interfere with this metabolism in
breast cancer by decreasing glucose uptake, mediated by the Glutl transporter, and inhibit-
ing the activity of 6-phosphofructo-1-kinase (PFK), one of the enzymes of the glycolytic
metabolism, thus leading to a reduction in cell proliferation and viability [91,92].

Resveratrol has also an effect on steroidal pathways by interacting with membrane-
bound ERs and modulating its genomic and non-genomic activities, as well as by inhibiting
steroidogenesis and estrogen biosynthesis at multiple steps along the pathway [93]. In
addition, resveratrol is also able to prevent the formation of estrogen-DNA adducts, thus
potentially inhibiting cancer initiation [94].

3.4. Other Effects

Resveratrol is also used as a chemoprotective agent against the toxic effects caused
by numerous chemotherapy drugs, such as anthracyclines and, in particular, doxoru-
bicin (DOX). DOX, one of the most important antineoplastic agents against breast cancer,
can intercalate in the DNA double helix, thus inhibiting the activity of DNA and RNA
polymerase. However, the use of this anticancer drug involves several undesirable ef-
fects, including oxidative stress, especially at the heart tissue level, by increasing ROS
production, lipid peroxidation, and reduction of endogenous antioxidants [95]. For this
reason, DOX and some of its alcoholic metabolites (DOXol) are responsible for chronic
cardiotoxicity. It has been verified that the co-administration of natural antioxidants, such
as resveratrol, lowers the ROS levels and, at the same time, increases the expression of
some antioxidant enzymes, such as SOD and CAT [96]. Furthermore, ROS generated by
doxorubicin treatment can cause a release of Ca?* ions from the sarcoplasmic reticulum,
leading to an increase in the intracellular calcium levels. This leads to an increased uptake
of calcium in the mitochondria that induce the release of cytochrome c in the cytosol, i.e., a
promotion of the apoptotic process of cardiomyocytes.

In addition, DNA damage, linked directly to the action of DOX or indirectly to the
action of the ROS generated by it, results in an increase in the expression and activation of
p53, which overexpresses genes related to pro-apoptotic proteins, such as Bax. Resveratrol
limits the apoptotic effect of DOX by activating SIRT1, which reduces the cell death process
by inhibiting the activation of p38MAPK and the activation of caspases, or by inducing
cytoprotective autophagy, a cellular process of removal and degradation of damaged
cytoplasmic components (including ROS) by acting on the PI3K/Akt/mTOR/AMPK
pathway [97,98]. Resveratrol is able to activate AMPK, which inhibits mTORC1, thus
promoting autophagy.

Resveratrol was also delivered in conjunction with tamoxifen, a non-steroidal estrogen
antagonist in ER+ breast cancer therapeutics, through layer-by-layer nanoparticles, which
showed potent cytotoxicity and enhanced apoptosis in both MCF-7 and CAL-51 human
breast cancer cell lines by increasing the expression of p53 and caspase-8 [114].

Resveratrol also increases the effectiveness of some chemotherapy drugs, such as
cisplatin, sensitizing the cancer cells towards apoptosis in a synergistic way, also reducing
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the side effects of the chemotherapeutic [115]. This effect is probably induced by a reduced
expression of TGF-f1 and an increased expression of E-cadherin, inhibiting cell invasion
and migration through EMT. Thanks to its multiple effects and therapeutic potential
in cancer, it is being evaluated as an adjuvant drug or dietary supplement in several
clinical trials. Furthermore, it has been shown that resveratrol significantly increased the
apoptotic effect of ionizing radiation treatment in the MCEF-7 breast cancer cell line, most
likely by increasing ROS generation with involvement of intrinsic or extrinsic apoptotic
pathways [99].

4. Conclusions

Resveratrol, a polyphenolic compound that plants produce to protect themselves
in abiotic and biotic stressful situations, such as injuries, infections by fungi or bacteria,
and exposure to ultraviolet rays, also exhibits a variety of beneficial effects for the human
being. This compound has been extensively studied for its antioxidant potential for
preventing and treating numerous diseases, including breast cancer. It has been shown
that resveratrol can scavenge ROS and thus reduce oxidative stress, restoring the body’s
antioxidant-oxidant homeostatic levels. Resveratrol has been also shown to have the ability
to stimulate the production of antioxidant enzymes, to interact with numerous signaling
pathways involved in tumor development often altered by an excess of free radicals, and
to demonstrate the side effects associated with the use of chemotherapy drugs. The main
limitation of this compound is its bioavailability, but the advent of novel drug delivery
systems can overcome this limit. In conclusion, although there is still a lot to discover about
this compound, especially regarding its in vivo behavior, resveratrol could represent an
excellent approach to prevent and help fight, synergistically with appropriate anticancer
drugs, breast cancer.
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